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I. INTRODUCTION

The oil crisis of 1973-74 sparked a movement among many oil-dependent
nations of the world to look at alternative forms of energy to satisfy
their energy needs. Particularly vulnerable were isolated island
communities that relied heavily on imported oil for their energy needs. As
oil grew progressively costly, island governments exerted greater effort to
conserve and to look for other affordable sources of energy.

Among alternative sources considered suitable were direct solar
radiation, wind, biomass, and ocean thermal energy. All are renewable and
presumably nonpolluting compared with o0il, coal, and nuclear energy.

Among them, the ocean offers a tremendous potential as an energy
source. Ocean thermal energy conversion (OTEC), a technique for tapping
incoming solar energy stored in the surface layers of tropical and
subtropical oceans, is a promising techmology that is particularly useful
to a large number of island governments and developing nations. Because the
ocean thermal energy resource lies primarily within the 20° latitudinal
bands, developing countries that lie within or near these boundaries can
exploit OTEC in their contiguous territorial seas.

This report synthesizes existing historical information that has
pertinence to representative land-based and plant ship OTEC sites in the
Pacific Ocean. It provides the basis for extrapolating environmental
information to probable OTEC operating conditions so that the potential
risk of such facilities to existing fisheries and other marine resources
can be evaluated.

A. Overview

In 1 hour the world's oceans receive enough solar energy theoretically
to meet its annual demand for fuel. Solar radiation is greatest just
beneath the sun and decreases as we move away from that point (Gross 1972).
Averaged over a year, the maximum amount of solar energy is absorbed in the
low~1latitude tropical region. The result is that the Earth receives most
of its heat between lat. 40°N and 40°S, whereas there is a net loss in the
high latitudes between 40° and 90° in both hemispheres. The heat transfer
from low to high latitudes in the ocean and atmosphere functions as simple
heat engines. The transformation of some of the ocean's heat energy into
mechanical energy is in the form of waves, currents, and winds. A large
proportion of the solar energy, however, is simply stored in the warm
tropical waters. Tapping this stored energy with OTEC can produce
electrical energy, which is currently produced by other fuel and tech-
nologies including o0il, coal, nuclear power, and hydropower, as well as
energy intensive products such as hydrogen, ammonia, and aluminum. An
important by-product of some OTEC system design is fresh water.

The OTEC relies primarily on the temperature difference between the
warm surface and cold deep waters of the oceans. Warm water drawn from the
ocean's surface provides heat which is transferred through a heat exchanger
to a working fluid. Enclosed in a partial vacuum, the working fluid is
evaporated by the heat and the resulting high-pressure vapor drives a



turbine to produce electricity. Cold water is then pumped from the deep
layers to condense the low-pressure vapor in a second heat exchanger. The
working fluid is then pumped back and recycled.

B. Potential Areas

Although the ocean thermal resource needed for OTEC camn be found year
round in the tropics between lat. 20°N and 20°S, achieving maximum
efficiency from an OTEC plant would require certain characteristics for
optimal deployment. Among these are the bottom topography and profile,
temperature difference between the warm surface and cold deep water, sub-
strate, permanent water flow, currents (tidal, wind-driven, and inertial),
mass transport by waves, climatic conditions, benthic properties, and
chemical properties of the sea water.

1. Temperature and depth requirements

Site selection is very critical to the development of an OTEC plant.
The magnitude of the temperature change (AT) between the warm surface layer
and the cold deep layer must be sufficiently large to maintain power plant
output and efficiency. An operational minimum AT of 19¢°! js essential
(Haven 1981), and an annual minimum temperature difference of at least 20c°
between surface and deep-ocean waters is necessary (Sullivan et al. 1981).
The mixed layer not only must be sufficiently deep to ensure that the warm—
water resource is available at the intake depth but also is a consideration
in calculating the discharge depth at which recirculation is kept to a
minimum.

The ocean thermal resource for OTEC is enormous even if only areas
with AT of at least 19C° are considered (Yuen 1981). The depth requirement
for a potential OTEC site will vary depending on the geographical location
of the plant. For example, at Kahe Point, Oahu, the water at 500 m is
about 18C° colder than surface water whereas at 1,000 m the water is colder
than surface water by about 20-22C°., On the other hand, AT of 19C° can be
maintained at only 457 mw in waters off Guam.

Figures 1 and 2 show AT between the surface and 1,000 m for the
world's oceans between lat. 40°N and 40°S (U.S. Department of Commerce
1980).

2. Economic resource zone boundaries

The 200-mile economic zones of countries in the Pacific Basin and
around the rim are shown in Figure 3. Economic zones of adjacent countries
within many parts of the South Pacific are not well established. Except
where grazing plant ships would be operating in open water, it is not
anticipated that boundary disputes will occur, because most plant designs
under consideration involve shoreside facilities or nearshore towers.

C. Predicted Sites

Several sites in the Pacific have been studied for possible land-based
OTEC facilities, including Keahole Point and Kahe Point in the Hawaiian



Islands, Cabras Island off Guam, Japan, Manila in the Philippines, the
Republic of Nauru, Taiwan, Mexico, French Polynesia, and New Caledonia.

1. French Polynesia and New Caledonia

French Polynesia and New Caledonia are considered potential OTEC sites
in the South Pacific (Yuen 1981). Results of a study by the Centre
National pour 1'Exploitation des Oceans (CNEXO) indicated that an offshore
plant of 3-15 MW is feasible in waters close to Tahiti. With costs about
equal for both an open—- and closed-cycle system,2 CNEXO favors the former
because of the added advantage of fresh-water production. A small-scale
OTEC plant is also economically competitive with oil-fired plants in
tropical islands (Marshand 1979, 1980).

2. Guam

The existence of ideal oceanographic conditions such as consistently
warm surface water and a steep submarine slope close to shore makes OTEC a
viable alternative for energy in Guam. Lassuy (1979), demonstrated a
consistent annual mean AT difference of 23.4C° between the surface and
depths of about 854-915 m near Cabras Island and Luminao Reef (Figure &)
and that this AT could be obtained only 1.75 km offshore from the Glass
Breakwater at the western tip of Luminao Reef.

A review of the oceanographic information from Guam, showed that
the temperature difference resource near Guam is unsurpassed among 10 other
sites examined throughout the world (Wolff 1979a, Tables 1 and 2). Wolff
found mean monthly surface temperatures consistently high year round,
ranging between 27.7° and 29.2°C. Likewise, consistently large and stable
AT values were available through the year; an annual average AT greater than
20C° is available at depths of slightly less than 500 m.

The major obstacle to OTEC development at Guam is the frequency of
typhoons and tropical storms. Seismic activity in the Guam area also
poses a threat to OTEC operations. Wolff added that ocean currents near
Guam were generally moderate in strength and varied only slightly in
direction.

3. Hawaiian Islands

Hawaii, which is located in the northern limit of the Pacific tropical
water mass where the temperature difference between surface and deep water
is sufficiently large to support OTEC operations, has a steady accessible
thermal resource at or greater than 19C° (Haven 1981). Long-term surveys
of physical oceanographic conditions and ocean bathymetry around Hawaii
revealed that at a depth of 500 m, the waters were typically about 18C°
colder than surface water whereas at 1,000 m, the AT values increased to
20-22C°., The maximum obtainable differences were 24C° at 500 m and 26C° at
1,000 m.

Haven reported that although the thermal profiles for most sites
studied in Hawaiian waters showed very similar temperature gradients and
seasonal shifts, long-term thermal measurements showed a substantial



surface temperature variation over time. For example, surface temperatures
averaged only 22.8°C in 1930. A return to sea conditions responsible for
this low temperature could have a disastrous impact on OTEC operations.

According to Haven, the appropriate annual mean temperatures for OTEC
operations in Hawaii should be 25°C + 1.2°C for surface waters and a
constant temperature of 4.59C at 800 m. These design temperatures should
produce a usable thermal gradient of 19.2-21.7C° over the year.

Surface temperatures ranged from 24.7° to 27.1°C at Keahole Point
(Bathen 1975). Below the mixed layer, which was 80-100 m thick,
temperatures decreased rapidly for another 200 m and only slightly from
330 to 350 m. At 550 m, the temperature was 6.9°C; thus a AT of 18.8C°
was possible at 550 m. Bathen noted that an annual thermal difference of
18-20C° was typical in the Keahole region. The minimum temperature
difference at 610 m was 20.6C° in summer and 18.2C° in winter.

Currents ranged from 0.05 to 0.6 knot off Keahole and speeds of 0.1-
0.3 knot were rather typical. The net surface transport was north to
northeast in winter (November-May) and a north to south tramsport (tidal)
was more apparent in late summer, although the net drift remained
northerly.

Off Keahole, the nearshore slope is steep: It is 610 m deep about 0.8
nmi from shore. The maximum recorded wave height was 1.8 m with a period
of 14 sec; however, waves were below 1.2 m about 97% of the time. Bathen
predicted the maximum significant wave height for this location to be about
6 m.

Climatic conditions in the Keahole area were generally mild. Winds
blew onshore during the day and offshore at night, and rarely exceeded 5
knots. During infrequent storms, wind speeds of 15-30 knots can be
expected.

At Kahe Point on the western shore of Oahu, the 1,000-m contour is
about 3.8 nmi from shore. The minimum AT observed at this site was 20.0C°
whereas the maximum reached 22.8C° (Ocean Data System, Inc. (ODSI) 1977).
Studies by Seckel (1955) and Maynard et al. (1975) indicate that a minimum
of 914 m will be needed to obtain a AT of 19C° during winter when surface
temperatures are colder. In summer, the temperature difference between the
surface and 914 m ranged to 23.0CO.

The depth of the mixed layer at Kahe Point was 50 m in summer and 90 m
in winter (ODSI 1977). The upper water column off Kahe exhibited what
appeared to be some seasonal variation in current speed whereas in waters
deeper than 350 m, there was no evidence of seasonal trend (Noda and
Associates 1982). At 50 m, the monthly maximum current speed ranged from
52.7 cm/sec in August to 77.4 cm/sec in May (Noda 1981). Monthly mean
values at this depth varied from 17.5 cm/sec in August to 27.2 cm/sec in
March.

Currents are often strong off Kahe but could be highly variable
(Bathen 1978). The net drift is rather consistent and moderate to strong



toward the south of Maili Point to Barbers Point from August to January
when winds are less dominated by the northeast trades. In deep water, net
drift is variable toward the shoreline from February to April and directly
offshore from May to July.

Waves impinging on the Kahe area may be generated either from
earthquakes (tsunami) or wind. An OTEC power transmission cable would
require adequate tsunami protection through the coastal zone. Runup or
vertical height change during a tsunami at both Kahe and Barbers Point was
about 3.6 m during the 1946 tsunami that washed the shores of Oahu (Cox and
Mink 1963; Dames & Moore 1970; Armstrong 1973).

In Hawaiian waters, there are a number of sites that satisfy criteria
for both nearshore floating and shore-based OTEC power plants. Shupe
(1982) identified several locations throughout the state that have some
potential for OTEC systems, but reported that additional bathymetric and
ocean current studies are needed to verify these sites as suitable. Based
on his findings, these areas are:

o Hawaii--0ff Leleiwi Point southward to Cape Kumukahi and along the
southeastern coast to Ka Lae, then northward along the
southwestern and western coasts as far as Keahole Point.

o Maui—~0Off Hana; also along the southeastern coast from about
Kipahulu to Kiakeana Point.

o Molokai--0ff Makanalua Peninsula.
o Oahu--Along the Waianae coast from Barbers Point to Kaena Point.

o Kauai—Off the north shore between Hanalei and Kilauea Point; also
along the eastern and southern coasts from Wailua to Waimea.

4. Japan

Although the Japanese islands are well north of lat. 20°N and outside
the tropical zone where the ocean thermal resources can be found year
round, they are strategically located, because the Kuroshio constantly
brings a large amount of thermal energy in the form of warm surface water
from the tropics.

Oceanographic studies indicate that the Pacific coast of Japan is
bathed by the Kuroshio which brings sufficiently warm surface temperature
(28°C) and has cold water that can be obtained from 790-m for the needed
AT.

Homma et al. (1979) considered five sites for OTEC development off
Japan. These were at Iriomote Island, Okinawa Island, Toyama Bay, Osumi
Islands, and the Izu Peninsula. Data collected from four of the sites
showed maximum wind velocity ranging from 39.6 to 78.6 m/sec, significant
wave height varying between 8.5 and 15.0 m, and frequency of typhoons
ranging from 21-40 times/year at Toyama to 41-60 times/year at Iriomote,
Okinawa, and Osumi. They concluded from their studies that Osumi and



Toyama would be most suitable as representative sites for OTEC development
in Japan.

Homma et al. reported that the temperature profile at Osumi was quite
different from that at Toyama. At 500 m, the temperature at Osumi reached
9.18°C whereas at Toyama, it was 0.35°C. The optimum cold-water intake
depth was determined to be 790 m at Osumi and 370 m at Toyama. Minimum and
maximum mean surface temperatures 1,000 m off Osumi and Toyama are shown in
Figure 5.

In addition to developing OTEC facilities to satisfy their own power
needs, the Japanese are also vitally cognizant of the market in technology
transfer, particularly along oil-dependent Pacific islands where AI's are
excellent all year long and deep cold water is available nearshore. In
1979, Tokyo Electric Power Services Company, Ltd. began work on a 100 kW
"experimental confirmation" closed cycle plant sited on the island of Nauru.
This plant was a research facility for testing heat exchangers (H.
Pennington, DPED, pers. commun., September 15, 1982).

5. Manila, Philippine Islands

Historical oceanographic data indicate that in waters off Manila,
Philippine Islands, an excellent thermal difference exists between surface
and deep water to make OTEC development feasible (Wolff 1979b). Between
lat. 140-16°N and long. 1189-~120°E off the west coast of Luzon, surface
temperatures were high throughout the year and the lowest monthly mean was
about 27.2°C. The monthly mean AT was 24.0C° at 1,000 m, and annual mean
thermal difference was 20.0C° at 500 m. It was concluded from the study
that the thermal difference at 500 m was sufficiently large and that the
cold water pipe for the plant could be made relatively short.

Wolff found that the continental slope off the Philippines was steep
and that the 1,000-m contour lay within 10 nmi off the shoreline around
Luzon. The single most important obstacle to OTEC development was climatic
conditions, that is, typhoons, high winds, and storms were a major problem
in this area. In addition, seismic activity could create further concerns.

Water currents around the islands were generally moderate with some
variation during the year. Also, the mixed layer appeared to be adequate
throughout the year.

6. Mexico, west coast

A study of a site chosen for possible OTEC development off the west
coast of Mexico showed that the temperature difference was more than
adequate for potential use (Wolff 1979d). The site (between lat. 20°-23°N
and long. 1050-110°W), had an annual mean AT of 20.0C® at 800 m and 20.9C°
at 1,000 m. During March, the coldest month of the year, the mean AT was
17.2C°, Wolff reported that at 800 m, there was some variation in monthly
mean temperature difference; however, this difference was adequate even in
the coldest month (Tables 1 and 2).



The relatively shallow mixed layer in this area was persistent
throughout the year. Surface currents were weak with some variation in the
direction of the flow. Because of the existence of a large continental
shelf, the distance from shore to the 1,000-m depth contour was relatively
great although one bay nearby could supply cold deep water within 2.7 nmi
from the site.

Storms could be a major problem in this area from May to November; sea
conditions and swells were moderate and did not appear to be of major
concern.

7. Pacific plant ship

A plant ship is a self-propelled surface platform which can cruise to
areas where AT is greatest and storms less severe so that OTEC power can be
used to produce a storable energy-intensive product or other commercial
products such as ammonia, bydrogen, methyl alcohol, liquid natural gas,
aluminum, alloys prepared in electric furnaces, semiconductor materials,
and to refine manganese nodules (Avery 1980). Proximity to shore and power
grids is not an important consideration for a plant ship compared with land~
based or bottom—mounted plants. Furthermore, distance to shore is a minor
consideration and there is no need for submarine cables to transmit
electricity. Although information on bottom topography is not crucial, it
is necessary that there be sufficient depth to provide the cold water
needed.

The site examined for plant ship operation was located near the
approximate limits of the North Equatorial Current and the Pacific
Equatorial Countercurrent (between lat. 5°-10°N and long. 90°-95°W). Wolff
(1979c¢) described this area as excellent for potential OTEC use. He found
surface temperature consistently high, ranging from 26.5° to 28.5°C, and an
annual mean AT greater than 20C° at a depth of 550 m or greater (Tables 1
and 2).

For the entire plant ship region studied, Wolff found bottom depths
much greater than 1,500 m., The depth of the mixed layer was very shallow
year round but alsc nearly nomexistent at times, indicating that a warm-
water intake could be located (or positioned) very near the surface.
Storms and high winds were not a major problem for this site partly as a
result of its proximity to the Equator. Compared with other Pacific sites
examined, mean surface currents were somewhat larger in magnitude. Wolff
concluded that current shears may be troublesome in this area.

8. Taiwan

Like Japan, Taiwan is also situated within the influence of the
Kuroshio, thus making it possible to consider OTEC. Along the east coast
of Taiwan, the Kuroshio flows close by and the 1,000-m depth contour is
relatively close to shore. Liang et al. (1980) found that the AT of 20C°
occurred at about 500-550 m in May-October in waters off Hualien (Figure
6). The mixed layer off Taiwan was usually 20 m thick in the summer but as
much as 60 m in the winter. Frequently, nc mixed layer existed at other
times of the year. Liang et al. concluded that the water off Taiwan was



highly stratified; therefore, they recommended that the warm-water intake
for any OTEC plant be located near the sea surface. They further
recommended that because of the hazards from a typhoon, any OTEC plant
built in Taiwan should be a shelf-mounted facility.

In a second study, Liang et al. (1981) examined a site further south
along the eastern and western coasts of southern Taiwan. Data were
gathered for 6 months at a depth of 300 m off Hung-tzai (Figure 6). Their
study demonstrated that by utilizing an existing nuclear power plant's
discharged cooling water, which was about 10C° higher than ambient water,
it would be possible to attain a AT of 21©-250C. Other results indicated
that the mixed layer is not detectable in summer and that the thermocline
generally extended to 200 m. They concluded that from the standpoint of
ocean engineering, Hung~tzai was ideal for a land-based OTEC plant coupled
to a power plant.

II. PHYTOPLANKTON

Ranging in size from about 1 g to 1 mm, marine phytoplankton include
representatives of many algal groups. These free-floating algae btuild up
protoplasm and food reserves directly from carbon dioxide and nutrient
salts and form the base upon which the rest of the marine food chain
depends (Newell and Newell 1963; Sullivan et al. 1981). Although most
bacteria are heterotrophic, they are mnot included in the phytoplankton
because of their ability to absorb organic nutrients directly from the
external medium.

Because the effects of OTEC on the marine environment are likely to be
seen initially in changes in the phytoplankton, due in part to the
discharge of cold, nutrient-rich deep water into the photic zone, any
shifts that occur in standing stock, comnmunity structure, or photosynthetic
activity of the phytoplankton carry implications for the entire trophic
community (Noda et al. 1981b).

The standing stock and primary productivity of phytoplankton are
usually determined by assessing chlorophyll a, phaeopigments, adenosine
triphosphate (ATP), and photosynthetic rate (Noda et al. 1981b).
Chlorophyll a values are universally accepted as a measure of phytoplankton
biomass whereas phaeopigment values, obtained in the process of adjusting
the accuracy of chlorophyll a values, also provide physiological and
ecological indices of community status. The ATP values give a measure of
total biomass which embraces not only phytoplankton but also bacteria and
microherbivores. Photosynthetic rate is essentially a measure of primary
productivity and represents the primary input of chemical energy into the
marine food web.

A. Open Ocean Sites

Because OTEC-1 experiments were carried out aboard the Ocean Energy
Converter (OEC) anchored offshore in the Keahole Point area, data gathered
from these experiments can be used to depict ecosystem functions at open
ocean sites. The following discussion revolves around some of the results




obtained from these experiments and the results of the Deep Ocean Mining
Environmental Study (DOMES) that are pertinent to this report.

1. Biomass, primary productivity levels, compensation depth
1.1 Biomass

Simply defined, biomass is the amount of living matter per unit of
water surface or volume and is used as an index of standing stock. Typical
units for standing stock measurements are ug/liter, mg/m°, g/mz, and kg/ha.
Additionally, phytoplankton standing stock may be described as consisting
of 10® cells/liter of a species, or being represented by a chlorophyll a
concentration expressed as mg/m 3 (Parsons and Takahashi 1973).

In a study to evaluate the variability in physical, chemical, and
biological parameters at an open ocean site off Keahole Point, Hawaii, at
lat. 19©55'N and long. 156°10'W in waters 1,300-m deep (Figure 7), Noda et
al. (1980) conducted six cruises (HOTEC-1 through HOTEC-6) to examine an
OTEC benchmark site. They found a surface mixed layer of relatively low
chlorophyll a concentrations, ranging between 0.03 and 0.18 mg/m3. As is
typical of other oceanic water columns from many regions of the world's
oceans, a subsurface chlorophyll maximum was also present below which
values declined to negligible levels. Among the explanations offered for
the presence of the deep chlorophyll maximum were:

o Decrease in phytoplankton sinking rate.

o Increase in cellular content of chlorophyll via adaptation to
reduced light levels.

Noda et al. (1980) reported that the subsurface chlorophyll max1mum
was located between 64 and 94 m and ranged from 0.17 to 0.62 mg/m (Figure
8). Temporal variability in phytoplankton stock was demonstrated by
comparing the integrated levels, Wlthln the mixed layer, integrated
chlorophyll values were 1.93-10.30 mg/m compared with 13.77-45.13 mg/m
for the entire upper 260 m. Noda et al. found no correlation between
variations in the standing stock of phytoplankton and variations in any of
the other parameters measured.

Phaeopigment values are usually of importance in adjusting chlorophyll
measurements for possible contamination (Shuman and Lorenzen 1975). The
phaeopigment profile at Keahole paralleled the shape of the chlorophyll
profile; concentrations were usually one-third to one-half the chlorophyll
levels, except in the region of the pigment maximum where phaeopigment
concentrations increased to 80-90% of the chlorophyll levels (Bienfang
1977). Noda et al. (1980) found a similar distribution of phaeopigments
where the vertical structure was similar to that of chlorophyll. Over six
cruises, the shape of the vertical profile was similar; however, the
phaeopigment levels varied widely from undetectable levels to 0.09 mg/m3
within the mixed layer, from 0.05 to 0.45 mg/m3 at the subsurface maximum
level, and from 3.67 to 22.53 mg/m” integrated over the entire upper 260 m.
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Noda et al. (1980) also noted that the depth of the phaeopigment
maximum was at or below that of the chlorophyll maximum. They reasoned
that this difference may be attributed to photo-oxidation of the light-
labile phaeopigments and to phaeopigment production in a region where low
light levels inhibit phaeopigment degradation and chlorophyll production.

Noda et al. (1980) also used ATP values as a total microbial biomass
indicator for offshore waters off Keahole Point. They found that the ATP
values generally decreased with depth In the surface layers (0-100 m),
values were highly variable ranging from 2.37 to 52.72 ug/m . They found
no indication of a subsurface maximum as was apparent for chlorophyll a and
phaeopigment concentrations. Depth-integrated ATP values varied from 0.56
to 5.72 mg/m2 over 12 hydrocasts. The average over six cruises was 3.00 *
1.78 (s.d.) mg/mZ,

The ATP method, one of several biochemical techniques used to estimate
microbial biomass, measures the biomass of total microplankton including
phytoplankton. Sorokin (1981) has reported that ATP values may be
difficult to interpret and may exceed the real microbial biomass by 1.5 to
4.0 times. Nevertheless, empirical correlations have been found for some
oceanic habitat thereby making the method useful.

Noda et al. (1980) also used the production/biomass (P/B) ratio
expressed as mg carbon/mg chlorophyll a/h (Bienfang and Gundersen 1977) as
an indicator of the specific rate of activity of each biomass unit.

Primary productivity values represent the rate at which phytoplankton are
performing work or putting energy into the trophic system whereas
chlorophyll a values represent the component of the population performing
that work. For data from six cruises P/B ratios varied from 0 to 8.31
mgC/mg chlorophyll a/h. Noda et al. found that the P/B ratio varied
vertically and temporally. Vertically, P/B ratios from all cruises rapidly
declined with depth which indicated a diminishing availability of light for
photosynthesis. Temporally, the range of P/B ratios over the water column
for each of the six cruises were as follows: 0.72-4.57; 0-2.80; 0-2.27;
0.03-0.52; 0.32-8.35; and 0-1.11 mgC/mg chlorophyll &/h. Almost all tke
values, particularly those from near surface samples demonstrated strong
nutrient impoverishment.

In a study in the DOMES area of the tropical Pacific (Figure 9), El-
Sayed and Taguchi (1979) found that the water in this region (lat. 59-20°N
and long. 1289-155°W) was characterized by lcw chlorophyll a values, a
condition normally expected for oligotrophic tropical and subtroplcal
oceanic waters. The surface chlorophyll a values averaged 0.117 wg /w3
whereas the value integrated through the water column (to the bottom of the
euphotic zone) averaged only 19.6 mg/m . Also, a subsurface chlorophyll a
maximum layer (CML) was characteristic of the zrea studied and the CML was
found deeper in summer (69 * 24 m) than in winter (54 + 30 m). The
cbhlorophyll a value was high below the euphotic zone and contributed about
20%Z of the chlorophyll in the water column in summer and winter. The data
suggested that the CML results either from grazing by zooplankters or from
slower growth of larger phytoplankton cells (Figures 10 and 11).
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v El-Sayed and Taguchi reported that in summer the CML was either in the
middle or at the bottom of the pycnocline and corresponded to about 10% of
the surface light. level whereas in winter this layer occurred at either the
top or in the middle of the pycrnocline and corresponded to about 20% of the
surface light level. They found a close relationship between the depth of
the CML and the nutricline, particularly that of nitrate. Below the
maximum, there was a general declipe in the concentration of chlorophyll.

1.2 Primary production levels

The photic zone off Keahole extends to about 125 m. Primary
productivity rates were somewhat higher in shallow levels but surprisingly
uniform throughout the photic zone (Noda et al. 1980, Figure 12). The
significant feature of the data was the wide variation among the six
cruises. Covariance analysis gave a statistically significant correlation.
The average depth-integrated phaeopigment values and the depth-integrated
primary productivity value were significantly correlated (r = 0.92;

d.f. = 4; P < 0.01) whereas the depth~integrated chlorophyll and the
integrated primary productivity values showed no significant correlation.
Noda et al. concluded that the input rate of regenerated nutrients has a
strong positive effect on the rates of primary production off Keahole.
Total prlmary productivity over §iX cruises ranged from 0.72 to 18.70
mgC/m?/h or 8.64~224, 40 mgC/m? /day. Apnual primary production varied from
12,04 to 101.11 gC/m /yr. Wide natural variation in primary productivity
rates is a typical feature of the Kezhole Point marine environment.

Compared with other net primary productivity values obtained from
different areas of the world's ocean, the area off Keahole is sometimes as
productlve as the Sargasso Sea, which has a net primary production of 7G-
145 §C/m /yr, but far less productive than the Gulf of Guinea (365
gC/m?/yr) and Long Island Sound (190 gC/m?/yr) (Dunbar 1975). The normal
rate of primary production in oceanlc waters has been estimated b; Riley
(1970) to vary from 50 to 150 gC/m2/yr (150 to 300 g dry weight/m%/yr).

Primary productivity in the DOMES area was generally lcw (El-Sayed and
Taguchi 1979). These results agreed quite well with those of other studies
in the same or adjacent area. Primary productlon values at the surface in
summer averaged 1.5 mgC/m3/day whereas in winter it reached 2.7 mgC/m /day.
The daily primary productlon in the euphotic zone was 120 mgC/m /day in
summer and 144 mgC/m /day in winter. Maximum primary production was at 507
of the surface light level in the summer but was found at or near the sur-
face in winter. In summer and winter, nannoplankton (<20 ym) contribution
to primary production averaged 77%. Nannoplankton contribution to total
primary production was lower in winter (about 63%) than in summer (83.3%).
Phytoplankton production below the euphotic zome, at an average depth of
104 m, contributed about 5% of the total production in the water column.
Unlike the phytoplankton standing crop, primary production was not
controlled by the depth of the mixed layer.

El-Sayed and Taguchi (1979) also found significant spatial and
seasonal variation in the phytoplankton standing crop and primary
production. They concluded that whereas the phytoplankton standing crop is
likely to be controlled by the depth of the mixed layer, primary production
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was independent of it. Phytoplankton and zooplankton data suggested that
the DOMES area is at a near steady state for an interval of a few days.
This indicated that the feeding of the zooplankton on phytoplankton
apparently balanced production by phytoplankton.

1.3 Compensation depth

The number of quanta required for the evolution of one molecule of
oxygen by green plants has been shown to vary from 3 to 10 quanta/0; (Forti
1966). The wide variation in these measurements results from not only
difficulty in the experimental methodology but also because respiration
cccurs simultaneously with photosynthesis. Under conditions of light
saturation, the rate of photosynthesis is up to 20 times bhigher than the
rate of respiration; however, at lower light intensity deeper in the water
column, a depth is reached where light intensity is just sufficient to
bring about a balance between the oxygen produced through photosynthesis
and that consumed through respiration. The depth at which this balance
occurs is called the compensation depth.

The compensation depth in ocean ecosystem is, therefore, the divieion
between an upper euphotic or trophogenic zone where primary production is
possible, and a lower zone where biological activity is confined to
consumption of imported energy (Westlake 1966). During highly productive
periods, the compensation depth is approximately the same as the depth of
the mixed layer. The effective biomass of primary producers includes the
populations above and below the thermocline. If the compensation depth is
above the thermocline, phytoplankton may sometimes be near the surface and
are capable of positive net photosynthesis; however, at greater depth, they
can only respire but be still available as a food source. In such a
situation, the gross productivity per unit area will rct be affected, but
net productivity will be reduced because of the respiring population below
the compensation depth. Compensation depth can vary with season,
illumination, turbidity, and other factors.

Increases in phytoplankton biomass and assimilation rate can occur
only in water layers which receive a minimum illumination of 400 1x
(Moiseev 1969). Below this level, photosynthesis and proliferation cease
and phytoplankton perish. In the summer compensation depth, has been
estimated to be less than 50-100 m in the North and South Pacific about
80-120 m in the equatorial Pacific, and about 100-140 m in the subtropical
regions.

Compensation depth can be approximated in field work as the depth at
which light is attenuated to 1% of the surface radiation and can be
estimated with a bathyphotometer or doubling the depth of the Secchi-disk
visibility (Parsons and Takahashi 1973). Below the compepsation depth,
there is no net photosynthesis. The photic zome was 125 m at Keahole Point
and 145 m at Kahe Point, which is characteristic of clear-blue vcean waters
(Noda et al. 1980, 1981b).
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1.4 Operational and post-operational results

Baseline data for an open ocean site are available for the operatiomal
phase of OTEC-1 and the post-operational phase. Results of these
studies are summarized in the following section.

Biomass

To evaluate the effects on the enviromment during operational and
post-operational phases of an OTEC facility, Noda et al. (198la) carried
out two special sampling cruises at the OTEC-1 site off Kezhole Point. The
first cruise in January 1981 (HOTEC-11) monitored the environment during
the operational phase of OTEC-1 and the second cruise in April 1981 (HOTEC-
12) sampled the area during the post-operational phase.

During the operational phase chlorophyll maximum values were
significantly lower than those obtained during the benchmark survey in
October 1978-December 1979. Furthermore, the maximum was not only deeper
than observed previously but also significantly deeper at the OTEC-1
platform and downstream of the platform than at the control station. The
depth-integrated chlorophyll value at the platform was 147 higher and 65%
higher downstream of the platform than at the control.

Noda et al. (198la) also found that maximum phaeopigment
concentrations at subsurface levels exceeded values described earlier and
were higher at the platform and downstream than at the control station.
The depths of the phaeopigment maxima were significantly deeper at the
platform and downstream than they were at the control station or whern
compared with the benchmark data. Also, significantly lower depth-
integrated phaeopigment values were found at the platform and downstream
than at the control.

Vertical profiles of in vivo fluorescence, measured to about 110 m,
supported the vertical distribution pattern observed in the hydrocast data
and showed an increase in chlorophyll at a shallower depth at the control
station, which suggested that there were differences in the distribution of
chlorophyll at the three stationms.

Depth-integrated ATP values fell within the range of the historical
data but they were significantly higher by 647 at the downstream station
than at the control (Noda et al. 198la). These results were in good
agreement with the chlorophyll data from HOTEC-11.

Ncda et al. (1981a) compared the results obtained from Site 1, a
control station, and Site 2, which was representative of the OTEC-1
location, and found that the overall chlorophyll values showed similar
ranges and patterns of distribution in the water column at Sites 1 and 2.
Depth-integrated chlorophyll a values and depth-integrated phaeopigment
levels were also very similar and not significantly different between
sites.

The ATP concentrations ranged from 3.98 to 49.79 ng/liter overall ard
the highest value cccurred at 70 m or just above the depth of the
chlorophyll maximum at Site 1 but not at Site 2. However, because the
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distribution pattern of ATP with depth at either site revealed the
systematic development of a subsurface maximum, the absence of one is
rather typical of the vertical pattern of ATP. Total microbial biomass and
the mean depth-integrated ATP values showed similar levels at both sites.

Primary productivity levels

Of considerable interest are the primary productivity data.
Photosynthetic rates were significantly higher at Site 2 near the OTEC-l
mooring buoy than at the control station (Noda et al. 198la). Depth-
integrated primary production averaged 14.53 + 0.86 méC/mZ/h at Site 1
whereas at Site 2, the average was 28.66 + 3.14 mgC/m“/h. The coefficients
of variation for the two sets of data were 0.03 and 0.11, respectively,
indicating good precision for the average estimates derived for both sites.

Noda et al. also compared their results from HOTEC-12 with those from
the benchmark cruises. They found that data from the control station
during HOTEC-12 fell within the range of primary productivity rates from
the benchmark cruises but data from near OTEC-1 fell outside. Statistical
tests confirmed that Site 2 had significantly higher primary productivity
than was typical for the area. Phytoplankton biomass (chlorophyll a) and
total microbial biomass (ATP), however, showed no statistical difference at
Sites 1 and 2. Noda et al., therefore, concluded that although primary
productivity was significantly different between Sites 1 and 2, and between
Site 2 and the benchmark data, it appeared that the changes in the rate of
photosynthetic activity, rather than differences in the standing stock,
were the primary motivators for the higher productivity.

Vertical distributions of cell density at the two sites during HOTEC-
12 were dissimilar, but this was attributed to the naturally large
variability and the restricted number of analysis (Noda et al. 198la). The
data, however, did provide a synoptic picture of the composition of the
primary trophic level. Numerically, the concentrations were higher for the
large and small cells, but Noda et al. attributed the differences between
cruises HOTEC-11 and HOTEC~12 to sample collection and preparation
procedures and not to actual changes in size structure.

Compensation depth

During the operation phase of OTEC-1, the extinction coefficient for
light was 0.0325/m, thus describing the floor of the photic zone at 128.5 m
(Noda et al. 198la). No significant difference was found in the primary
productivity rates among the three stations occupied during HOTEC-11, but
similarities were found between the rates calculated from HOTEC-11 and
those observed during the benchmark survey.

Vertical profiles of in vivo fluorescense were similar at both sites
(Noda et al. 198la). Both traces showed a surface layer, 50-60 m thick of
relatively uniform signal from the fluorometer. Subsurface maxima were
between 80 and 100 m. Vertical profiles of submarine light, made to a
depth of 90 m at both sites, showed that the extinction coefficient was
~0.0346/m at Site 1, whereas it was -0.030/m at Site 2. The time-
integrated quantum flux during the incubation periods (carbon fixation
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experiments) was 12.0 x 1020 quanta/cm2 in 8.75 h at Sites 1 whereas it was
7.80 x 1020 quanta/cm2 in 6.5 h at Site 2. Noda et al. concluded that the
average light field on the 2 days of sampling was very similar with only a
12% difference on a per-hour basis.

1.5 Plume survey

Ncda et al. (1981c) carried out a plume survey using the OTEC-1 system
aboard the OEC to (1) locate and map the physical extent of the thermal
plume, both vertically and horizontally, (2) determine the dilution of the
discharging effluent with ambient water as s function of location, (3)
measure dissolved oxygen, salinity, and nutrients, and (4) measure ATP,
chlorophyll a, phaeopigments, and zooplankton volumes.

The OTEC-] system was designed with a mixed-water discharge 1.8 m in
diameter directed downward just below the bottom of the hull at a depth of
about 8 m. Discharge rates were about 9.8 m3/min which resulted in an exit
velocity of 3.8 n/sec.

Data on several characteristics of the plume can be found in Noda et
al. (1981lc). They found that there were no significant differences between
the chlorophyll, phaeopigment, and phaeopigment/chlorophyll (P/C) ratios in
the plume and at a control station located at a depth of 25 m. Total
microbial biomass (ATP), however, was significantly lower in the plume than
at the control station, and the mean was only 61% of the control mean.
Analysis of differences in pigments at each depth showed no significant
difference between the plume and the control station.

By chi-square analysis, Noda et al. (198lc) also demonstrated that the
frequency of lower ATP and chlorophyll values in the plume at various
depths did not differ significantly from what would be expected by random
chance and that there was a significantly higher frequency of phaeopigment
and P/C ratios in the plume than at the control station.

2. Community composition

Specific information on phytoplankton community composition isg
available from water samples collected during the DOMES survey. Fryxell et
al. (1979) classified these waters as oligotrophic but rich in the pumber
of species present.

Ocean species of phytoplankton tend to be widely distributed. Fryxell
et al. observed that half of the diatoms and about 57% of the
dinoflagellates found in the DOMES area also occurred in the Mozambique
Channel as reported by Sournia (1970). Semina (1974) listed over 1,000
taxa of phytoplankton from the Pacific. Table 3, which shows the number
of species found from cther studies together with those by Semina (1974),
illustrates the large number of taxa occurring ir the Pacific. Most are
involved in primary production.

The 10 most abundant taxa found in the DOMES samples by Fryxell et al.
are shown in Table 4. The flagellate and monad groups are combined and
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shown as a single category; this group was by far the most abundant. The
Cymnodiniaceae included all the dinoflagellates with nonrigid thecae that
"round up" when preserved and several species were most likely included.
"Yellow cells" include resting or reproducing cells full of storage
material but with little morphological details that can be used to
distinguish them.-

Among the coccolithophores, Gephyrocapsa huxleyi (= Coccolitbus
huxleyi) was the most abundant, contributing nearly 60% of the total
coccolithophorid cells ard was also the most abundant species in the
chlorophyll a maeximum layer. It was increasingly domipant among
coccolithophore species at all depths from abtout lat. 30°N to higher
latitudes; in fact, it was practically the only coccolithophore present
north of lat. 40°N to subarctic waters (Okada and Honjo 1973).
Gephyrocapsa huxleyi also constituted from 25 to 50% of the
coccolithophores in the zone described by Okada and Honjo as the
"equatorial north."

Species of phytoplankton that occurred in samples from every station
included two diatoms, three taxa of dinoflagellates, two coccolithophores,
and two unidentified taxa. Taxa found at or below the chlorophyll a
maximum layer included 31 diatoms, 19 dinoflagellates, and 9
coccolithophores (Fryxell et al. 1979).

Most of the species that occurred below the euphotic zone were found
in small pumbers and Fryxell et al. regarded them as '"rare species" rather
than truly "shade flora." They concluded that coccolithephores are an
important group in the ecosystem of tropical and subtropical waters. They
occur in roughly the same numbers as diatoms and dinoflagellates but most
are small.

At Keahole, a substantial proportion of the phytoplankton biomass
consisted of very small-celled organisms, usually less than 5 pym (Noda et
al. 1980). Because these organisms are a characteristic feature of
oligotrophic waters and potentially responsive to nutrient enricbment, KNoda
et al. (198la) conducted detailed analysis of these organisms during HOTEC-
11. Size structure analysis showed that most of the phytoplankton biomass
was in the <5 ym fraction. The fractioon of chlorophyll biomass in the
<5 ym fraction was significantly lower at the downstresm station than at
the control.

In the >5 um fraction, the total cell volume at the control station
was significantly higher than that at either the platform or downstream.
Furthermore, in terms of cell density, the groups could be ranked in order
of importance as: flagellates, dinoflagellates, diatoms, coccolithophores,
and in terms of cell vclumes, dinoflagellates, flagellates, diatoms,
coccolithophores.

At the generic and specific levels, Noda et al. found that
dinoflagellates were the largest and most conspicuous element of the
phytoplankton community cff Keahole Point. Large species such as Ceratium

all samples whereas C. furen and C. fusus occurred c¢rly occasicnally. The
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genera of dinoflagellates observed included Oxytoxum, Gonyaulax,

Pyrocystus, Gyrodinium, and Dinophysis.

Noda et al. (198la) also frequently encountered dinoflagellate cysts
in the samples. Numerically, small dinoflagellates were important
sp., Gymnodinium sp., and Oxytoxum sp. Among tbe.giil;tant centric diatoms
in terms of cell volume were Coscinodiscus, Rhizosolanis, Licomorpha,
Hemiaulus, Leptocylindrus, Planktoniella, and Acinopticus. Small pennates

Coccolithophores included Discophaera tubifer, which was found in nearly
every sample, and other gemera including Emiliamai, Gephyrocapsa, and
numerous others. Flagellates in the samples were represented by
Cryptophyceae, Chrysophyceae, Haptophyceae, and Choanoflagellata.

Johnson and Horme (1979), in their study of phytoplankton and biomass
distribution at potential OTEC sites, reported that in Hawaii the net
phytoplankton population was diverse including 76 identified species. In
terms of pumerical abundance, four species of pennate diatoms predcminated
ircluding Dactyliosolen mediterraneus, Nitzschia closterium, Navicula sp.,
an unidentified athecate dinoflagellates.

A£1]1 species and groups identified fron Hawaiian waters were ranked
(Table 5).

3. Seasonal variation

Differences in phytoplankton quantities are caused in part by
differences in the reproductive rate of algae and in the grazing activity
cf zooplankton. Cushing (1981) reported that in temperate waters, the
seasonal production of algae may be considered as a wave of high amplitude
lasting 6-12 weeks which later subsides to much lower levels. In
subtropical and tropical seas, however, the seasonal differences are much
less pronounced. The exceptions are, of course, the upwelling areas where
cycles analogous to those in temperate seas occur.

In the DOMES study area, chlorophyll 2 values averaged 0.063
mg/m3 in summer ard 0.17 mg/m3 in winter (El-Sayed and Taguchi 1979). In
the euphctic zone, the average value was only 9.8 mg/m2 in the winter.
Seasonal variations in other values were also found and these were
discussed in earlier sections.

El-Sayed and Taguchi also found the CML at a depth of atout 10%
(summer) and 20% (winter) surface light level. Concentraticn in the
chlorophyll maximum exceeded surface values by a factor of 3.6 + 1.9 in
summer and by 1.8 + 0.8 in winter. At the CML, the proportion of
chlorophyll a to total pigments (chlorophyll a plus phaeopigments) was
lower (0.44 + 0.0€¢) irn summer than in winter (0.56 + 0.13).
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B. Differences at Island Sites

Data collected during surveys conducted at Kahe Point are useful in
examining differences in biological parameters between open ocean (Keahole
and DOMES) sites and nearshcre island sites. The Kahe Point surveys are
particularly useful because not only has the site been selected for an OTEC
pilot plant but alsc because much of the environmental surveys were
completed befeore the construction of Hswaiian Flectric's cil-fired
generating plant at Kahe Point. Also, the location has been surveyed
extensively during the O'OTEC cruises (Noda et al. 1981b; Koda and
Associates 1982).

1. Kahe Point

In a study to obtain baseline data from waters off Kahe Point, Noda et
al. (1981b) carried out a shipboard mweasurement program from May 1980 to
May 1981. Bimonthly cruises were made to the following two O'OTEC
benchmark sites off Kahe Point:

o Site 1, at lat. 21°19.5'N and long. 158€12.5'W, approximately
4.9 nmi west-southwest of Kahe Point (Figure 13).

o Site 2, about 4.7 nmi west-southwest of Maili Point, at
lat. 21923,5'N and long. 158°915.5'W.

Biomass

Based on results of six cruises, Noda et al. (1981b) reported that in
the Kahe environment, there is a deep CML which is characteristic of many
other oceanic systems and which represents an important facet of
phytoplankton ecology. In time and space, the chlororbyll maximum remained
about the same in vertical position (86 m) as well zs ip concentration
(average = 0.27 ypg/liter). This layer accounted for 77Z of the cblorophyll
biomass in the photic zone. About 60-80%Z of the cells were in the <3 um
size fraction. Pigment levels were low and uniforr down tc¢ 44 m, and
averaged 19.90 + 2.31 mg chlorophyll z/mZ and 18.69 + 5.34 mg
phaeopigments/m* over the year. Pigments also showed considerable
uniformity over time except at both stations in August 1980 and at Station
1 in October 1980.

Primary production

The average annual primary production for the Kahe area was 60.4 +

15.6 gC/mz/yr, a value similar to those for other subtropical gyre waters
(Eppley et al. 1973; Gilmartin ard Revelante 1974; Gundersen et al. 1976;
Bienfang and Gundersen 1977; Sharp et al. 198C; Bienfang and Szyper 1982).
The ratio of productivity to biomass, which is useful as a relative index
of specific rates of photosynthesis, showed that the characteristic feature
of the Kahe system is persistent nutrient limitation and that phytoplankton
in the area are growing slowly. Noda et al. alsc cbserved a temporal
pattern to the P/B ratios which paralleled that of photosynthesis. In the
light-saturated layer, they found low P/B ratios from May to December and
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generally higher ratios from January to May, which suggested a relaxation
in the degree of nutrient impoverishment.

The results also indicated that photosynthesis in the light-saturated
layer accounted for only 30% of the total production. Temporal
variability, according to the suthors, was due to changes in the activity
of populations found in the light-limited layer. There was a highly
significant positive correlation between fraction of production taking
place below 44 m and that in the total water column (Noda et al. 1981b).

To determine which of the various processes influenced production in
the light-limited layer, Noda et al. examined different variables but could
not identify any which had a consistent seasonal pattern that would provide
an explanation. They did, however, find that the temporal pattern of
primary productivity had a general correspondence with local wind patterns,
that is, during December-April when productivity was highest, the frequency
of northeast, east, and southeast trades was lowest. Primary production
was lowest from May to November, slightly higher from December through
March, then low once again in May. The coupling between wind activity and
ocean circulation, however, remains undelineated. The circulation off Kahe
suggests that upwelling occurs during eddy formation, but it is
insufficient in strength and duration to sigrnificantly affect the sea
surface. It is reasonable to assume, however, that the lower regions of
the photic zone are affected.

Compensation depth

The calculated depth of the 1% light level off Kzke Point ranged from
142 to 150 m and averaged 146 m (Noda et al. 1981b). The compensation
depth at Kahe, therefore, is not dissimilar from the results obtained by
Gundersen et al. (1976), who calculated the photic zone (defined according
to the 1Z light level) at Station B at 140 m in the Kealaikahiki Channel
(between the Islands of Lanai and Kahoolawe at lat. 20°41'N and long.
156°55'W) .

Community composition

Throughout the photic zone extending down to 145 m, 65% of the
microbial biomass in the Kahe environment is represented by organisms in
the <3 um size fraction (Noda et al. 1981b). Takahashi and Bienfang3
reported that the vertical distribution of picoplankton is not influenced
by sinking, thus reinforcing its dominance in a nutriept-limited
environment. In addition, the picoplankton's potential for anmonium uptake
at low levels favors its success in a substrate (light or nutrient) limited
system. Takahashi and Bienfang found that the <3 pym fraction assimilates
ammonium at rates 75% faster than those for the large 3-20 um fraction.
Thus, in the CML the picoplankton can take advantage of higher nutrient
supply without being subjected to the hazards of sinking and therefore,
being transported to light-deficient depths where photosynthesis is absent.

Noda et al. (1981b) suggested that the dominance of picoplankton off
Kahe may be related to the prevailing nutrient field. Modest climatic
fluctuations in the Kahe area produces thermal stratification which
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persists thus restricting vertical input from deep nutrient-rich water.
This produces an énvironment driven by regenerated nutrients and results in
a condition characterized by numerous, small nutrient inputs, low ambient
concentrations, and an importance of reduced forms of nitrogen.

Seasonal variations

Noda et al. (1981b) found considerable uniformity in pigment levels
over time at Kahe Point, but there were exceptions particularly when large
divergences occurred at both sites during August 1980 and at Site 1 in
October 1980. The ATP values were highest in August—Januvary but displayed
a relatively even pattern the remainder of the year. Photosynthetic rates
showed a consistent upward trend from low values in May-November 1980,
increasing levels through March 1981, and slightly lower values to May
1981. Temporal variations were usually significant. Noda et al. concluded
that although photosynthetic rates showed a significant increase during the
second half of the survey period, the bicwmass paremeters showed little
regularity and unlike the photosynthetic rate no significant changes
occurred., They reported that it was not clear whether any ecological
significance can be attached to temporal variability of the biomass
parameter.

Because two scales of spatial variability occurred dvring the Kahe
survey, each was addressed by Noda et al. (1981b). Cast-to-cast
differences were examined for small-gcale spatial variability arising from
the ship's drift during sampling; the average distance between hydrocasts
was 0.9 km. Station-to-station differences were termed large~scale spatial
variability and represented an average of 9 km on the horizontal scale.,

The results clearly indicated that large-scale spatial differences in
biomass parameters were not great. Noda et al. moted that although
comparison of time-averaged values of the various parameters may indicate
station~to-station differences since values at one station may exceed those
at the other rather consistently, the differences between the means were
not significant.

In nearly &1l the comparisons for photosynthesis, however, Noda et al.
found that the Station 2 mean was higher than that for Station 11 and the
absolute difference averaged 5.26 mgC/m2/h over the year of the study.
Thie translated into 47% higher photosynthetic rate at Station 2. Thus,
although absolute values of the station-to-station differences were not
large in comparison with temporal variaticns observed earlier, the ability
to measure differences between station may prove useful in future
monitoring programs which assess the areal extent of impact to biological
productivity resulting from the operation of an OTEC plant at Kahe. Noda
et al. concluded that because large-scale spatial differences were not
pronounced, small-scale differences were even less important.

e Kahe

From the baseline data collected for the Kahe enviromment, Moda et al.
(1981b) calculated the natural range of phytoplankton density, expressed as
the 957 confidence limits for the depth-integrated data (Tsble 6). Also,



21

based on the given analytical capability and observed temporal and spatial
variabilities at Kahe, they used the analysis of variance data to determine
criteria for detecting significant envirommental changes. They reasoned
that the detection of significant differences between two measurements
depends on precise measurements of the level below it; for example,
analytical precision depends on precise measurements to detect any
subsample variation. Table 7 gives the criteria for detecting significant
(P = 0.05) differences for each parameter and for each level under
examination,

2. Differences between the Keahole and Kahe enviromments

Noda et al. (1981b) compared the two oligotrophic Hawaiian ecosystems
surveyed during the HOTEC and O'OTEC programs. Table 8 gives the values of
the phytoplankton parameters off Keahole and Kahe Points; Table 9
summarizes the conclusions drawn by Noda et al. with respect to the various
paremeters compared.

Noda et al. suggested that differences in the pature and magnitude of
temporal variations between the Kahe and Keahole environments may be
related to the physical enviromments., The Keahole system, which is

adjacent to the deep Alenuihaha Channel over which wind strength increases
due to the Venturi effects caused by high mountains, is exposed tc large,
rapid fluctuations in wind force, wave height, and water movement.
Variability in these processes is thought to produce the complex biological
systems that were observed in the environment. In contrast, Kahe is
exposed to less intense winds that blow over the Kauai Channel. Because
wind intemnsity is associated with divergence ‘and upwelling, it is
reasonable to expect that these processes are less intense off Kahe than
off Keahole. The isolation of the Kshe system from severe weather and
intense wave action results in less variability of the physical components
and more gradual and systematic temporal cycles in the biological
components,

3. Response of phytoplankton to nutrient enrichment

In subtropical regions where thermal stratification results from the
absence of pronounced seasoral climatic variation, the nutrient-poor
surface waters are isolated from the nutrient-rich deep waters.

Two processes govern the productivity of the ecosystem in the mixed
layer--the availability of inorganic nutrients such as nitrates and
phosphates and the availability of light. With increasing depth, light
irtensity decreases logarithmiczally to about 1% of the surface intepnsity.
The relative availability of light and nutrients creates a tramsition from
the nutrient-poor surface layer to the light-limited deep layer. Below the
transition zcne, light energy is too low for phytoplankton to occur
(Yentsch 1966).

The amount of light in the euphotic zone is dictated by geography,
season, time of day, the surface, and the transparency of sea water
(Yentsch 1966). Light penetration is reduced if the ocesn surface is
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disturbed by wind action. Likewise, water transparency is reduced by the
introduction of inorganic and organic suspended particles. Water itself
can modify the wave lengths which penetrate it.

Because OTEC introduces large quantities of nutrient-rich deep water
into a nutrient-poor surface layer at a rapid rate, unlike natural oceanic
and coastal upwellings which are diffuse and slower, it is expected that
biostimulation of phytoplankton will occur in the affected areas. For
example, water drawn from 910 m will be high in nitrates and phosphates but
low in oxygen and pH indicating elevated inorganic carbon concentrations
({Hawaii.] Department of Planning and Economic Development (DPED) 1980).
When this deep water is finally discharged as effluent into the normally
nutrient poor surface water, biostimulation should increase the rate of
primary production several fold, provided that there is sufficient time for
substantial photosynthesis to occur before the effluent sinks to a depth
where the surrounding water is of the same density.

At sites approximately 12 nmi northwest of Keahole Point and also
6 nmi west of Kahe Point, Bienfang and Szyper (1982) performed nutrient
enrichment experiments on water collected from nine target depths--2, 10,
30, 50, 70, 90, 110, 130, and 150 m. Their analysis demonstrated that
deep-water enrichment produced immediate biostimulation of phytoplankton
activity, and the degree of response was dependent on light availability
with depth. The data also indicated that in the photic zone, the additive
effect as a result of deep—water addition ranged from 1.23 to 5.47 mgC/mZ/h
representing increases of 9.3 to 149.0% over natural levels.

Bienfang and Szyper also found that short-term increases in carbon
fixation caused by nutrient enrichment within the light-saturated layer
represented an alleviation of the strongly nutrient-limited conditiomns.
They concluded that all the additional nutrients supplied were probably not
exhausted during the 11 hours of incubation and attributed this phenomenon,
together with the inherent response capabilities of the phytoplankton
population, as having influenced the degree of biostimulation.

Biostimulation, which was depth dependent and related to availability
of light, was not present in the deepest samples collected at 100 m or
deeper. Bienfang and Szyper attributed this lack of biostimulation to
ambient nutrient concentrations in the water column which increased below
90 m, thus making excess nutrients superfluous. They also reported that
there was a range of depths in which ambient nutrients were low and yet
addition of deep-water nutrients did not induce biostimulation. These
depths are below those of K; light levels, but well above the depths where
ambient nutrients began to increase (Table 10).

Low ambient nutrient level in the transition zone, where the upper
limits ranged between 24 and 61 m and lower limit was around 90 m,
indicates phytoplankton uptake paralleling the rates of nutrient supply
(Bienfang and Szyper 1982). This suggested that, together with the low P/B
ratios, photosynthesis in this layer was limited, at least partly, by
nutrient availability. Furthermore, lack of response to deepwater nutrient
addition suggested that light availability also influenced photosynthesis
in this zone.
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Evidently, information on the lower region of the transition zone is
critical to the understanding of oceanic phytoplankton dynamics. Despite
light limitations at this depth, the plant cells apparently utilize the
available light rather efficiently thus attaining more than 60% of the
theoretical maximum quantum yield in carbon fixation in the CML. The
maximum absolute carbon fixation rate was at a depth of 70 m in oceanic
waters off Oahu (Bienfang and Gundersen 1977). Bienfang and Szyper (1982)
found no indication of a photosynthetic maxima at either the Keahole or
Kahe Point sampling sites; however, they did find that the depth of the CML
off Keahole Point was 85 + 9 m which corresponded roughly to the bottom of
the transition zone. Because ambient nutrient concentrations were
consistently low where these chlorophyll maxima occurred, they concluded
that this was an indication of active metabolism by the phytoplankton.

Finally, Bienfang and Szyper (1982) reported that the mixture of
surface and deep water discharged by OTEC facilities will spread from the
site at depths having similar densities and that these depths will be in he
transition zone. Little immediate biostimulation will result in areas
where the discharge mixes with oceanic waters and becomes diluted.

III. ZOOPLANKTON

Animals comprising the zooplankton include many of the passively
floating or weakly swimming heterotrophic organisms in the water column
such as protozoa, especially tintinnids, radiolarians, and foraminifera;
large numbers of small crustaceans, like copepods, ostracods, euphausiids,
and amphipods; jellyfishes, siphonophores, and worms; molluscs, such as
pteropods and heteropods; and eggs and larvae of numerous benthic and
nektonic animals (Sverdrup et al. 1946). For convenience, zooplankton can
be further divided into microzooplankton, macrozooplankton, and
ichthyoplankton. Microzooplankton, which includes organisms such as
naupliar and copepodid stages of copepods, ciliate and sarcodine
protozoans, and larvaceans, pass through the 202-um mesh fraction of
filtration netting. Macrozooplankton, which is dominated by copepods and
chaetognaths but superimposed in surface waters by eggs and larvae of many
nearshore invertebrates and fish, are retained in a 202-ym mesh net
(Sullivan et al. 1981). The following section will discuss only the
microzooplankton and macrozooplankton. The ichthyoplankton will be
addressed in a later section of this report.

A. Open-Ocean Sites

Results of zooplankton studies conducted during HOTEC-1 through
HOTEC~-6 (Noda et al. 1980), HOTEC-11 and HOTEC-12 (Noda et al. 198la), a
plume survey (Noda et al, 198lc), and the DOMES survey (Hirota 1977) have
been reviewed and are discussed in the section that follows.

1. Biomass and composition——mixed layer

During HOTEC cruises 1 through 4, because of a limited sampling
program, Noda et al. (1980) made only general observations on the
zooplankton population off Keahole. Briefly, they found that calanoid
copepods, by far the most abundant taxonomic group numerically, included
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many species that appeared to make extensive diel verticel nigrations.
- Noda et al. also noted significant seoscral changes in the biomass which
were not correlated with any of the parameters examined.

On HOTEC-11 and HOTEC-12, there were no significant differerces in the
dry weight of zooplankton for each depth between cruises or among stations
(Noda et al. 198la). Like the O'OTEC biomass data, dry weight decreased
from the surface to the deep strata and wes higher at night.

There were also no significant differences at any depth betweern HOTEC
and O'OTEC dry weight biomass data. HOTEC-~1l1 and HOTEC-12 data were also
compared with those from HOTEC-1 through HOTEC-6. Measurements of biomass
were not significantly different.

Puring the plume survey, Noda et al. (198lc) collected four samples
each from within and out of the plume (contrel). Copepods collected in a
500-um mesh net and stained with Neutral Red were considered alive if the
stain was visible in any part of their bodies.

Using a2 minimum sample size of 200 copepods, and all specimens in
samples of Euchaeta marina, Neocalanus robustior, and Corycaeus sp., Noda
et al. found that mortalities in the control ranged from 1.1 to 7.5%
vwhereas those in the plume soemples ranged between 0.5 and 21.6%.
Statistical tests indicated that there was a significantly higher mortality
in the plume but no differences among the species.

Estimates of the mortalities in each plume sample due solely to OTEC-1
operation were obtained by subtracting the mean mortality in the control
samples from that in the plume. Multiplying the net mortality percentages
by the dilution of the plume sassessed from fluorometer traces, Noda et al.
(1981c) estimated that the mean mortality rate of animals in the warm-water
intake of the plant was 100% of entrained animals.

In the analysis of zooplankton abundance and biomass, Noda et al.
(1981c) again used four samples each from within and outside the plume.
The results showed that the in-plume samples had significantly lower
biomass, both in dry weight and ash-free dry weight, but significantly
higher percentage of ash than the controls (Table 11).

Noda et al. could not determine whether the differences in biomass
were caused by the plume discharge, by the presernce of the OTEC-1 platform
itself, or by patchiness. They suggested that the differences in
percentage of ash may have been the result of either the discharge
operation or the presence of the platform. Quantitatively, the plume
samples differed from the control in that the formwer contained a great dezl
of detritus and microorganisms bound in a matrix of mucous, the source of
which was unknown, as well as numerous bydroids and bryoczoans which
criginated from the hull of the vessel.

Zooplankton counts from in-plume and out-plume samples showed little
variation except among the wost common copepeds, the calanoids, which were
significantly more abundant outside the plume than within it.
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Noda et al. noted that biomass in the 0-200 m stratum during ECTEC-11
and HOTEC-12 was 4.90 mg/m3 vhereas that for HOTEC cruises 1-6 was of 3.32
wg/m>. Although the mean for HOTEC-11 and HOTEC-12 was higher, the
difference was not significant. They spreculated that the slightly higher
velue for HOTEC~11 and HOTEC-12 may have been the result of differences in
handling of the samples. Calanoid coperpcds predomirated in the samples and
macroplankton counts showed no clear trend. Thus, no effect from operation
of OTEC-1 could be detected in the zooplankton pocpulation.

2. Changes with depth

At Keahole, dry weight of zcoplankton decreased from the surface to
the deep strata and were higher by pight than by day in shallow tows (KRoda
et al. 198la). The trends ir catches by depth are shown in Figure 14.

Analysis of vertical distribution of macrozooplankton in the water
column from the DOMES survey showed the highest concentration in the upper
150 m, both day and pight, and moderately high concentration between 200
and 900 w (Hirota 1977). Concentraticrs were usually Jcw near 200 m at
Site C and at &1l sites below 800-S00 m.

Teble 12 shows the data op standing stocks of macrozcoplankton
integrated over the upper 1,000 m. Standing stocks in the upper 200 m
varied from about 50 to 90Z of that for the upper 1,000 m (Hirota 1977).

Concerning the microzooplankton in the DOMES area, Birota (1977) found
the following major features of vertical distribution:

pumerous at depths less than 40-60 m.

o Oncaea abundance reached a maximum at deptbs usuelly greater than
100 m.

o Radiolaria and Foraminifera showed relatively small derth
variation compared with nauplii, tintinnids, Microsetella, and
Cncaea, and were common at all depths sampled.

o There were at least twofold diel variation in abundance above 75 m
for nauplii, tintinnids, and Microsetella, and deeper than 75 m
for Oncaea.

consistently at depths below 100 m.

o The vertical distributions of the five major microplankton taxa
were not correlated with hydrographic or algal abundance; however,

associated with the chlorophyll maximum and discontipuity layers.

Hirota compared numerical abundances of each of the five microplankton
taxa with those obtained from around Hawaii (Gundersen et al. 1976) and in
the EASTROPAC area (EBeers and Stewart 1971) and concluded that the DOMES
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area concentrations were lower than those in EASTROPAC by about twefold or
more but overlapped in range of values reported from off Hawaii.

3. Seasonal variaticn

The results of the Keahole sarpling showed that zcoplanktor in the

offshore environment exhibited significant seascrnal changes in bicmass
levele (Noda et al. 1980).

Hirota (1977), in reporting orn the neusteon, macroplankton, and
microplankton abundances from the DOMES area, found differences between
years (seasons) at all the sites sampled.

Studies on Hawaiian zooplankton collected in 1955-56, showed monthly
variations in zooplankton volumes and peak volumes in winter, around
Japruvary, & spring peak in April, and & fall peak in September (Nakamura
1967). These results contrast with those of King and Hida (1957) who found
increased volumes in March~July and lower tut variable volumes thereafter.
Nakamura concluded that although seasonal volumes appeared to be different,
their significance was clouded by some evidence of year-to-year variations.
Primary productivity and zooplanktcn biomsss i ar coligetrophic gyre are
rct seasonal but rather related to changes over scme cdifferent, perhaps
longer time scale (McGowan and EHayward 1978).

4. Vertical migration

Diel vertical migrations of some species of zooplankten and
micronekton have been studied extensively and are well known in warm
tropical waters (Blackburn 1981). In areas of deep light penetration,
these animals would be expected to have & relatively large vertical range.
For example, in the Pacific, the medium daytime depth of the sound
scattering layer is 335 m. Virnogradov (1968) reported that in the subpolar
region, the macroplankton occupies much of the water column but diurnal
migrations are weak. In the tropics, however, the macroplankton
concentrates in parrow layers and undergo extensive diurnal vertical
migration. Ore consequence of vertical movement would be the transfer of
crganic material to animale livirg at progressively greater derths.
Longhurst (1976) lhas stated that no evidence exists of migration below
1,700 wm.

Data from the HOTEC 1-€ cruises irdicated that many species of
zooplankton off Keahole appeared to make extensive diel vertical
migrations. Nakamura (1967) concluded from bis studies of zooplankton
volumes in waters around Oahu, Hawaii, that polychaetes, ostraccds,
calancid copepods, euphausiids, amphipods, pteropods, and fish larvae all
exhibited prcnounced diel variations in abundance. Among the calanoid
Copepoda, genera such as Pleuromamma, Neocalanus, Candacia, Undinula, and
Euchaeta exhibited the most marked diel variation in abundance. Haloptilus
was absent from the upper layer of water.
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E. Differences at Island Sites
l. Biomass and compositior~~mixed layer

There was an approximate tenfold difference between biomass collected
in shallow plankton tows and those from the 600-1,0C0 m depth range off
Kahe (Noda et gl. 1981b). In the shallow tows, night-time bicrass was
twice as great as that found during the day. Noda et al. also found
considerable variability in zooplankton biomass among the cruises; however,
they concluded that this variability was not related to seascnal changes.

Tables 13 to 18 show the zooplankton biomass data surmarized for the
six O'OTEC cruises. The ash-free zooplankton biomass ranged from a low of
0.14 mg/m3 to a high of 25.00 mg/m3, both from cruise & in January 1981.
Variability in zooplankton biomass was attributed to several scurces:
subsampling error, variability between replicate tows; differences between
stations and between day and night tows; and differerces among cruises snd
among depths.

2. Changes with depth

Off Kabe between the surface zrd 25 m, there was some eviderce of
zooplankton patchiness in the portion of the population that made diel
migrations. Similar evidence of day and night differences and patchiness
was found in the remaining depth ranges above 1,000 m. Also, repeated
cruises offered better discrimination of changes than replicate stations or
samples (Noda et 21. 1981b).

Noda et al. reported that it was mnot clear which taxa of the
zooplankton community will be most affected by OTEC deployment; it was
necessary, therefore, to undertake a broadbased investigation of all the
taxa found and their abundance. Furthermore, because of the large number
of species ipvolved, they concluded that there is a reed for a trade off
between the number of samples to be processed in & given time and the
number of taxa to be identified to genus and species.

For the O'OTEC investigation, Noda et al. identified all animals tc
class except that the more abundant copepods were identified to genus when
rossible and occasionally to species. In general, most taxa cccurred
infrequently in all ssmples. Most were found more frequently ir shallow
than deer water and many of the taxa conmon in shallow water were absent or
rare in deep water.

In all samples, copepods made up 73-85% of the total and among the
copepods, from 59 to 66% were calarncids except in the reuston ssmples where
calanoids accounted for 387 in day samples and 787 in night collecticps.
Noda et al. suggested that this exception was the result of apparent
reverse diel migration of cyclopoids of the Family Corycaeidae in and out
of the surface layer.

In summary, Noda et al. fcund that the most abundant group overall was
the calanoid copepods and among these, the small herbivorous calancids of
the Families Paracalanidae and Pseudocalanidaze were the predominant groups
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in the shallow strata. In the deep strata, the calancids included large,
mainly carnivorous animals.

Among the cyclopoids which were only second to calanoids in abundance,
three groups predominated--Corycaeidae, which were most abundant in surface
samples and Oithona and Oncaea which were dorinant in the deep samples.

211 three were abundant in the 0-25 m samples.

The patterns of absolute abundance that emerged from the study were as
follows:

o Medusae, gastropod larvae, fish eggs, Foraminifera, and Corycaeidae
vere most abundant at the surface, decreased in abundance with
depth, and was more abundent at night in all layers than during the
day.

o The abundance of radiolaria, pelecypod larvae, amphipods,
chaetognaths, larvacea, salps, and copepods, such as Arocalanus

spp., Paracalenus spp., Clausocalanus spp., Euchaeta spp.,
spp., was at a maximum below the surface. The abundance of neuston
and shbzllow water forms was greater at night.

o Ostracods, euphausiics, and copepods such as Cncaea spp.,

well below the surface by day. At night these species were much
more abundant than they were above 25 m during the day.

3. Seasonal variation

Off Kahe, the temporal variability of zooplankton abundance may not be
seasonal (Noda et al. 1981b). Primary productivity and zooplankton biomass
in an oligotrophic gyre are not seasonal but rather change over some
different, perhaps longer time scale (McCowan and Bayward 1978). Koda et
zl. suggested that this lack of seasonality is sufficient resson for long
pre— and post-deployment sampling periods to detect long-term variability.

4. Vertical migrations

Cff Kahe, organisms such as ostracceds, euphausiids, and copepods like
Oncaea spp., Pleuromamma sp., and Lucicutia spp. migrated vertically, and
were found between 25 and 200 m during the day (Noda et al. 1981b).
Medusae, gastropod larvae, fish eggs, Foraminifera, and Corycaeidae were
non-migrating epipelagic animals, and radiolsria, pelecypod larvae,
awphipcds, chaetognaths, larvacea, salps, and numerous copepods such as
Haloptilus spp., Candacia spp., Arcatia negligens, and Oithona spp.
appeared to have a vertical migration pattern. However, their increased
night-time abundance may be indicative of net aveoidance in day-time
sampling. Their abundance in deep, daytime samples was not notably greater
than their night-time abundance which suggests that no upward migretion was
occurring; however, because of the wide depth ranges used for the study,
more detailed observaticns are needed.
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Iv. FISHES

Fishes and other nekton are expected to be attracted to an offshore
OTEC structure, thus increasing their concentrations. Nektonic organisms
can maintain their location and direction by swimming; however, the intake
velocities of an OTEC facility may exceed swimming capabilities,
particularly among small species or juveniles. As a first step toward
determining OTEC entrainment and impingement impacts on nekton, the species
composition and population size of fishes need to be estimated in the
vicinity and downstream of the OTEC site ([Hawaii.] DPED 1980).

In waters 6-25 nmi off Kahe Point, micronekton organisms in a 1,200-m
water column showed a mean standing stock of 900 organisms and a wet weight
of 0.5 kg/100 m? of ocean surface (Maynard et al. 1975). Over half of the
number of individuals and their biomasses were composed mostly of small
fishes. At night, there were substantial increases in abundance of nekton
in shallow water as a result of vertical migration. For micronekton
determined to be inhabitants of water deeper than 400 m during the day,
Maynard et al. found that about 457 migrated upward at night. During
daylight hours, about 90% of the mean total micronekton standing stock were
in waters deeper than 400 m ([Hawaii.] DPED 1980).

A. Species of Commercial and Recreational Importance

The commercial fisheries in Hawaiian waters have been described by
Manar (1969) and Uchida (1978). The shelf zone, on which most of the
world's most productive fisheries are conducted, is narrow and poorly
developed in Hawaii. Furthermore, only about 60 of the more than 682
species of fishes, mostly found on the reefs and inshore area, are
commercially exploited. The major Hawaiian commercial fisheries are in the
open ocean beyond 200 m in depth, where pole-and-~line sampans catch
skipjack tuna, Katsuwonus pelamis, and longline, handline (ika-shibi), and
charter boats harvest deep- and surface-swimming yellowfin tuna, Thunnus
albacares, bigeye tuna, T. obesus, albacore, T. alalunga, striped marlin,
Tetrapturus audax, blue marlin, Makaira nigricans, black marlin, M. indica,
swordfish, Xiphias gladius, shortbill spearfish, Tetrapturus

angustirostris, sailfish, Istiphorus platypterus, wahoo, Acanthocybium
solandri, and mahimahi, Coryphaena hippurus.

The nearshore fisheries, consisting of a variety of commercial
handline, net, trap, and recreational boats, are mainly on a wide array of
demersal and benthopelagic species which include pink snapper,
Pristipomoides filamentosus, and P. sieboldii, gray snapper, Aprion
virescens, red snappers, Etelis carbunculus, and E. coruscans, jacks,
Carangidae, goatfish, Mulloidichthys spp. and Parupeneus spp., and sea
bass, Epinephelus gquernus. Bigeye scad, Selar crumenophthalmus, and
mackerel scad, Decapterus macarellus are also major species in this group
and their combined landings are second only to total landings of tuna and
billfish.

There are a number of commercially valuable fish species in the Kahe
area. The abundance of larval and juvenile tunas were studied by Higgins
(1970) at a site about 7 km seaward of Kahe and very close to the proposed
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Midwater trawl catches of juvenile tunas were much
lower in this area than at another site 56 km offshore.

Also, almost all

bigeye and yellowfin tunas were in the upper layers and small juvenile
skipjack tuna were most abundant in the shallow water whereas large ones
tended to be more abundant in deep water.

Data from Higgins (1970) and Miller (1979) suggest that an OTEC plant
3 omi offshore from Kahe Point may be ideally situated with respect to
avoiding tuna larvae inshore and tuna juveniles offshore ([Hawaii.] DPED

1980).

A list of fishes of commercial and recreational value inhabiting the
off shore waters of Keahole Point has been compiled by Jones and Ryan

(1981).

Table 19, which has beer compiled from catch reports of the Hawaii

Division of Aquatic Resources (HDAR), lists the species caught off Keshole

and Kahe Points in 1976-80,

In Hawaii, catches are reported asccording to numbered fishery

statistical areas (Figure 15).

The inshcre ares extends just beyond the
reefs, roughly 2 mmei from the coastlime.

The offshore area extends from

tke cuter boundaries of the inshcre area to 20 rmi from the ccastline.

Jones and Ryan (1981) also listed the following species of fishes that
were attracted to the platforn and pipe during the operation of Mini-CTEC:

Spotted triggerfish
Opelu

Rainbow runner
Mahimahi
Pilotfish
Whitetip shark
Ketala

Bigeye scad
Filefish
Rudderfish
Yellcow tang
Blenny
Derselfish
Whale shark
Skipjack tuna
Yellowfin tuna
Wahoo

Selar s:_r:u};e:nb}»}:tbp_lpyﬁ

Chromig hanui
Rhincodon typus

In a report describing the effects of impingement of marine organisms
at Kahe Point as a result of the operation of the existing fossil-fueled
electric generating plant, Coles et al. (1S€2) observed that several

commercially important invertebrates and vertebrates were affected.

Among

cyanea, kona crab, Ranina ranina, and scaly slipper lobster, Scyllarides

concern.

None, however, were caught in suvfficient numbers to merit

this species is not considered of great commercial vslue.
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Among several commercially important species, only the kala, Naso
unicornis, was affected in sufficient numbers to warrant attention. Based
on extrapolation over 1 year, Coles et al. estimated that about 1,600 kala
would be affected, mostly juveniles, and the projected loss would amount to
9.6 kg/yr. The amount, according to them, is well below the 7,700 kg
caught in 1978 in the State of Hawaii.

B. Yield and Value

The yield and value of commercial fishing off Keahole and Kahe Points
are summarized in Table 19. The data for Keahole Points are from
statistical areas 121 and 122 of the Hawaii Fisheries Chart No. 2 (Figure
13). It was necessary to compile the data from these two areas because
Keahole Point falls near the division of areas 121 and 122. Data for Kahe
Point are from area 422,

Catch, by species, was summarized for 1976-80 and a mean annual catch
determined. The values given in HDAR's catch reports are only for weight
sold; therefore, the value may be underestimated if the entire catch was
not sold. To derive the estimated value of the entire catch, the average
price per unit weight sold was calculated from the weight sold and value
information and multiplied by the actual weight caught.

The fishing grounds off Keahole and Kahe Points are high-producing
regions in the Hawaiian fisheries not only for inshore reef and bottom
fishes but also for pelagic species such as skipjack, yellowfin, and bigeye
tunas, blue marlin, striped marlin, mahimahi, and wahoo (Table 19).
Kailua-Kona, which is located along the leeward coast of the Island of
Hawaii roughly 7 nmi south of Keahole Point, is recognized as one of the
centers for big-game fishing in the world, and contests such as the
International Billfish Tournament are held there annually. The waters off
Kailua-Kona are also important for the night handline fishery (ika-shibi)
for yellowfin and bigeye tunas. Kahe Point, which is located along the
Waianae coast of the Island of Oahu, is a high-producing region for
skipjack tuna (Uchida 1970).

Among bottom, benthopelagic, and reef fishes, important catches made
off Keahole Point include amberjack, Seriola dumerili; snappers,
Pristipomoides filamentosus, Aprion virescens, Etelis carbunculus, E.
coruscans, Lutjanus kasmira, and Apareus rutilans; jacks, Carangidae;
goatfish, Mulloidichthys auriflamma; bigeye scad, Selar crumenophthalmus,
mackerel scad, Decapterus macarellus; red bigeye, Priacanthidae; and
squirrelfish, Myripristis spp. Off Kahe, the more important species
include jacks, bigeye scad and mackerel scad, surgeonfishes, Naso unicornis
and Acanthurus dussumieri, goatfish, Mulloidichthys samoensis and M.
auriflamma, and bonefish, Albula vulpes. (Seaweeds, Rhodophyta and
Chlorophyta, are also harvested in this area.)

C. Food Chain Effects and Other Considerations

Observations made off Campbell Industrial Park near Kahe Point
revealed some interesting facts about the bottom types and inhabitants.
Based on dives from 24 to 192 m in the submersible Asherah, Strasburg et
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al. (1968) reported that the inshore sres between 24 and 107 m was a
sloping sandy plain interrupted by rocky ledges 3 to 18 m high. The sandy
stretches were featureless and devoid of visible fauvna, but it theose
isclated spots where coral growth or amn accumulation of rocky rubble were
seen, there were invariably some aggregations of fish, usually
butterflyfish, Chaetodontidae, damselfisl, Pomacentridae, triggerfish,
Relistidae, and surgeonfish, Acanthuridae. Over the sandy bottom, they
cbserved goatfish, Mullidae, flounders, Bothidae, bonefish, and wrasses,
Lebridae, whereas in midwater they saw large schools of mackerel scad,
bigeye scad, jacks, and unicornfish, Naso hexacanthus. Usually, the fishes

were concentrated above and in front of ledges.

Strasburg et al. also observed invertebrates in the nearshere depths.,
urchins, hydrozoans or anthozcans resembling Fennaria but including larger
and heavier individuals; and extremely large spiny lobsters, Panulirus spp-
that were possibly up to 60 cm long in total length and estimated tc weigh
3.2 kg. One unusual aspect of the observation of spiny lobster was that
they were on the open bottom unlike reef irhsbitipg lobsters which are
found in deep, dark caves, or beneatl protrudirg ledges. Alsc observed on
the sardy plains were sponges, protruding tubes of annelié werms, and small
brittlestars. Between 60 and 107 m, as much as twe~thirds of the sea floor
was covered by dense beds of a pen shell, Atrina. A bed of spatergid heart
urchins censisting of thousands of individuals spaced xcughly 30 cn apart
were vigitle at 107 m. The stony coral, Porites, was observed ac deep as
107 m, although their occurrence were rether unconmon.

Between 107 and 116 m, the sloping plain gave way to a steep cliff,
plunging at an angle of 6CC-80° from the herizontal. Tre cliff of smocth
limestone, devoid of any macroscopic demersal fauna, had a textured quality
at various places and these held silty deposits as well as gobies, longer-
legged shrimp, and lobsterlike crustaceans. Ledges, caverns, and other
irregularities on tte cliff face sheltered crowds of squirrelfish, mcray
eels, butterflyfish, and other fishes. Coils of an antipathariac
ccelenterate, probably Cirripathee, were also cormon on tle cliff as well
as various starfish, sponges, and sea urchins down to 162 n:.. Beds of red
coral, Stylaster and Corallium, were seen between 137 and 183 n. In
additiorn, the cliff was "patrolled" by snappers, amberjack, wahoo, and
various species of jacke, either singly or in twe's znd three's.

V. TCHTHYOPLANKTON

A report which summarized ichthyoplankton popvlaticn studies conducted
in the vicinity of Kahe Point during the mid and late 1970's indicated that
some data were nearly site specific for the CTEC site ([Hawaii.] DPED
1980). Leis (1978), who reperted on 15 species of larval fish collected
about 1.9 rri from the shoreline, found median concentrations of 0-112
larvze/1,000 m~ per species with upper ranges of 7-182 larvae/1,C00 o per
species. He added that 100 fish larvae/1,000 m? weuld be a reasorable
estimate of the mean fish larvae population at the OTEC site.

The [Hawaii.] DPED (1980) report also provided an estimate of the
potential impact of an CTEC plant on the larval fish population. Assuming
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that an OTEC plant would entraip about 13.8 million m3 of surface water per
day, DPED estimated that about 1.38 millicn fish would be impacted per day,
based on the population estimate provided by Leis (1978). There is,
however, a need to expand the data base on such studies so that & critical
evaluation could be made on potential impact. This is particularly true of
the potential impact on larval tuna populations because of thke importance
of adult tunas in the Hawaiian fishery. The larval tuna population in
waters 0.6 nmi seaward of Kahe Point can be as high as 441/1,000 o’ or
roughly 10-100 times greater than populations found in oceanic waters of
the central Pacific (Miller 1979). Miller postulated that there is a
relatively deep source of these larvae, which may migrate inshore in
resronse to upwelling of deep cold water and & shoaling of tle thermoclirne
shoreward. The [Hawaii.] DPED report concluded that tuna and other larval
fish populations, therefore, may be impacted by OTEC-related alterations of
the temperature structure of receiving water in the area as well as by
primary entrainment.

A. Spawning Seasons and Locations

The determination of spawning season in fishkes is usvzlly based on
observations on the condition of gonads, particularly ovaries. Spawning
locality, however, is not readily determined unless opne observes directly,
the emission of ova and milt from mating pairs or observes ova attached to
bottom plants, reef, or other substrate.

Other methods are alsc frequently used to determine spawning season
and locality. The presence of larvae is good evidence that spawning
cccurred recently, And because larval stages of fishes are usually feeble
swipmers, one can reasonably assume that the larvae have not strayed or
been swept by currents very far from the actual spawning site. Some
exceptions are thyllosoma stages of spiny lobsters or leptocephalus cstages
of anguillids that have a relatively long larval stage and which are
carried for great distances by the ocean currents.

The nearshere waters of Kabe Point serve as spawning grounds for a
variety of species (Miller et al. 1979). Analysis of the seascral larval
distribution indicated that they were more numerous during sumner thar
winter.

There is also some indication that the deep waters off Kahe Poirt are
important nursery grounds for some species of fish. Juvenile squirrelfish,

depths between 10! and 183 m (Strasburg et al. 1968).
B. Egg and Larval Abundance and Surface Distribution

Miller et al. (1979) present data on coumon nearshore marine fish
larvae found at Kahe Point. Their data indicate that the inshore and
offshore abundance of larvae in winter at Kshe Point was below the mean
level (109) for all Cehu sampling sites. In summer, the number of larvae
inshore exceeded the summer mean (135) by a ccrsiderable nargin; however,
the offshore total waze slightly below the mean.
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An ichthyoplankton survey of the pearshore waters of Kauvai, Oahu, and
Maui in 1972-73 disclosed abundances of tuns larvae as high as £41/1,000 m
(Miller 1979), an estimate 10-100 times higher thar those typical of the
central Pacific., Detailed sampling at Kshe Point showed a mean of 7.7 tuna
larvae for day samples whereas the night mean was much higher (23.6).
Miller also found that day and night subsurface samples yielded higher
abundance of tuna larvae than surface samples by a factor of 4.3 and 9.7
times, respectively. The abundance of larvae increased with decreasing
distances from shore. Catches off the leeward coast were alsc higher than
those off the windward coast.

3

The longshore current near Kahe Point flcws at a rate of 25-50 cm/sec
(Laevastu et gl. 1964). Because the current appears to be tco strong for
feebly swimming tuna larvae of 4 mm to oppose, Miller hypothesized that the
high nearshore surface densities of tuna larvae probably crigirated from a
deep source. Two observations he made support this bypothesis. One is
that large catches of tuna larvae were made at his leeward station where
strong trade winds (4-5 m/sec) tend to push surface waters away from shore.
The result is an upset in the hydrostatic equilibrium which could te
restored by upwelling. The second observation is that the thermocline,
which usually is at 100 m off Bawaii and which serves as¢ & Larrier to
vertical migration of larvae and vertical transport of water, was observed
to ascend the leeward slope cff Kahe Point (Figure 16). Thus, it appears
likely that large numbers of tuna larvae will be upwelled at Kahe Point Ly
wind—-driven currents from horizontal strats containing even higher
densities of larvae.

Miller (1974) reported on the results of studies on spatial
distribution of fish larvae in relation to variation ir thei. abiotic
environment off Kauai, Oahu, and Maui. Chief among the mesopelagic
families found were Myctophidae and Conostomatidae. Also fourd were
offshore pelagic families such as Scombridae, Molidae, and Gempylidae. The
20 wost common families encountered in order of their percent overall
abundance were Myctophidae (16.3%), Blenniidae (13.9%), Gonostomatidae
(11.8%), Gobiidae (11.3%), Pomacentridae (8.9%), Tripterygiidae (6.7%),
Molidae (6.4%), Mullidae (3.5%), Apogonidaze (3.3%7), Carangidae (3.2%),
Scembridae (3.0%), Schindleriidae (2.3%), Fxococetidae (2.2%),
Tetraodontidae (1.4%), Gempylidae (0.57), Coryphaenidae (0.5%),
Dussumieriidae (0.4%), Scorpaenidae (0.3%), Chlorophthalmidae (0.3%), and
Sphyraenidae (0.3%Z). Miller noted that 927 of all larvae collected
belonged to these 20 families and 54 other families were represented in the
samples.

C. Vertical Distribution

In a study conducted in the DCMES area, Eirota (1977) found that in
tke nevston tows and shallow bonge net tows, species of interest to
commercial ard sport fisheries included larvae of Scombridze,
Coryphaenidae, and Istiophoridae. Among midwater forms collected were
Myctophidae, Gomostomatidae, Gempylidae, Hemiramphidae, Exocoetidae,
Nomeidae, Carangidae, Scombercosocidae, and labridae.
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From deeper bengo net tows made below 200 m, Hirota found very few
species compared with the neuston and shallow bonge net tow data. These
species present in the below 200-m tows alsc occurred in low
concentrations.

Hirota concluded that (1) the peusten layer contains some species in
very high abundance but which are rather uncommon in the 1-2C0 m layer, (2)
the larvae of commercially important tumas coccur more abundantly irn the
neuston layer then in the 1-200 m layer, (3) the species in the 1-200 m
layer are primarily midwater forms, and (4) very few larval fish occur
between 200 and 1,000 m.

D. Vertical Migration

Ichthyoplankton constitute a considerable proportion of the midwater
rlankton in tropical regions (Vinogradov 1968). In the 500--1,00C m layer,
they ccnstitute as much as 20-257 of the total mass of net plankton. In
the middle latitudes, however, the picture changes consideratly and the
fish btiomass in the deep layers is higher than in the tropical regions but
its proportion in the plankton is ccnsiderably lower.

VI. OTHER IMPORTANT BIOLOGICAL RESCURCES
A. Endangered Species

Curulative effects of commercial CTEC development may significantly
impact threaterned and endangered species. For example, migratcry
threatened and endangered species could emigrate from an area that becomes
impacted from CTEC operation, thus possibly disrupting the animal's
reproductive cr feeding activities. Habitats could also be affected.

Payne (1979) reported that 22 marine mzmmal species may occur in
Bawaiian waters including 2 mysticetes, 19 odontocetes, and one pinniped
(Table 720). The humpback whale, Megaptera novaengliae, cre of the most
abundant cetacesns in Hawaii, is an endangered species which migrates into
Bewaiian waters in winter to breed. A second endangered species, the
the population resides in the Nortlwestern Hawaiian Islands and away from
potential OTEC sites.

Dolphins of Stenella, the most numerous small odontocetes in Hawaii,
kave been sighted in ccastal zress throughout the island chain. Payre

crassidens, and pygmy killer whale, Feress attenuata, are less commonm.

The OTEC development in Hawaii is not expected tc significantly impact
threatened and endangered species.
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B. Corals

Estimates are available of changes that bave cccurred in coral
coverage near Kahe Point during the pre- and postceonstruction phases of the
offshore outfall for the Hawaiian Electric power plant. Beginning in 1973
and through 1977, the study showed that pronounced declipe in coral
ccveroge coccurred as 8 result of general disturbances associated with
outfall construction including underwater blasting, dredging,
sedimentation, and turbidity. Decrease in coral coverage from 1978 to
1979, which approached the high values of easrlier years, was highly
significant compared with previous years. The rate of decline from 1980 to
1981 was 4.5-5.0 times the rate for the other yecars (Coles et al. 1982).

The drastic decrease in coral coverage et Kahe Foint from 1979 to
1980, however, was not attributable to the operatior of the cutfall but to
effects of a storm in January 1980. The storm waves gererated at that time
resulted in breakage of corals, scouring of reef surfaces by wave-suspended
sand, and burial of living coral. Coles et al. concluded from their study
that the detrimental effects of a single mnatural evert were far mcre
devastating than any stressful influences produced before or after the
storm.

The results of the Kahe study also demonstrated that there has been no
detrimental influence by the Kahe outfall on the coral. Coral decline has
been greater with increased distance from the outfsll. This pattern
cccurred rather consistently for &l] years evemined except 1979 to 1980
when a sigrnificart correlaticp existed between changes in coral coverage
and the outfall, In 1981, however, changes in total coral coverage were
less negative at stations close to the outfall. In fact, Coles et al.
concluded that there was an indicatior of 2 benign or even positive
influence of the Kahe outfall on ceral coverage or wost of the Kebe reef in
1981. '

The effects of thermal effluent on coral were investigated at Cuam.
At the Tanguisson Plant where the intake temperature varied between 26¢ and
76°C and the discharge temperature between 30°C and 34°C, there was
significantly less coverage of the sibstratum by hermatypic corals along
the reef margin near the thermal effluent than in areas outside its
influence (Neudecker 1976), thue demonstrating that the thermal effluent
has a negative effect op the coral community. Furthermore, the number of
cecral species, coral recruitment, and biomass accumulation were
significantly less near the area of thermal effluent than in areas away
from it.

VII. SUMMARY

This document presents a review of pertinenmt biolcgical infermation
characteristic of potential OTEC sites in the Pacific Ocean. Ideal ocean
thermal resouvrce can be found year round in the tropics between lat. 20°€N
and 20°S. Achieving maximun efficiercy from an CTEC plant weuld require
information on bottom topography and profile, magnitude of temperature
change between surface and deep water, substrate, permarent water flow,
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tidal, wind-driven, and inertial currents, mass transport, climatic
conditions, benthic propertieg, and chemical properties of the ses water.

Sore of the potential sites in the Pacific that meet temperature-~depth
requirements for OTEC operation include French Folynesia, New Caledornia,
Guam, Havaiian Islands, Japan, Fhilippire Islsnds, west coast of Mexicc,
and Taiwan. A Pacific plant ship site is also reviewed.

For open~ocean situvations, data frowm OTEC-1 and LCMFS are reviewed.
Cff Keahcle where OTEC-1 experiments were conducted, the chlorophyll a
cencentration was low at the surface and ranged from 0.03 to 0.18 mg/;3. A
subsurface chlerophyll maximum, ranging between 0.17 and 0.62 mg/n@
cccurred between 64 and 94 n. Primary production ranged bLetwveen 8.64 ard
224.40 mgC/mzlday. Compensation depth was estimated to be 125 n.

At the DOMES survey site, surface chlorophkyll valies overaged 0.117
vg/m3. The CML was located deeper ir summer (69 + 24 ) than in winter
(54 + 30 m) but the difference was not sigrificent. TFrimary production in
the euphotic zone was 120 mgC/mZ/day in sumrer and 144 mgC/w?/day in
winter.

The compositicn of the phytoplankton community was similar at both
oceanic sites. By order of importance in numbers, the groups included
flagellates, dinoflagellates, diatoms, and coccolithophores; in terms of
cell volume, the order of importance at the Keahcle site was
dinoflagellates, flagellates, diatoms, and coccolithophores.

Seascnal variation in phytoplankton standing crop was also reviewed.
At the DOMES site, winter chlorophyll a concentrations were much higher
than summer values.

In reviewing island sites, data collected during the Kahe survey cff
the Island of Cahu are reviewed. The CML was located rather deep, at 86 m,
typical of more oceanic systems. Chlorophyll & concentration was 0.27
pg/liter. The primary productivity values reached 60.4 + 25.6 gC/m?/yr,
typical of subtropical gyre water. Compensation depth 146 m.

The commrunity composition in the Kahe ervironment was deminated by
organisms <3 um. Seasonal variation was observed in pigment leveleg, ATP
values, and photosynthetic rates. The bicmass, however, showed no
significant seasonal changes.

Differences between open-ocean and island sites are also reviewed.
DPifferences in the nature and magnitude of temporal vasriations are related
to the physical enviromment. Variability in physical processes at Keahcle
produces a complex biological system, whereas at Kahe, the physical
processes are less intense thus creating a more gradual and systematic
temporal cycle.

Data from a plume survey conducted coff Kezkole Point were alcoc
reviewed.
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Concerning zooplankton, investigatcrs found that for open-ocean
situations, the Kezhole ares was dominated by calanoid copepoeds, of which
many species made extensive diel migrations. The biomass alsc showed
significant seasoral changes. Biomass usually decreased from the surface
to the deep strata.

Experiments during the plume survey cff Keahole indicated total
mortality of entrained zooplankton.

Biomass of zcoplankton in the 0-200 m stratum at Keahcle zveraged 3.32
mg/m3 on six cruises and 4.90 mg/m3 on two later cruises; however, the
difference in means was not significant. Zooplankton abundance usually
changed with depth at the Keahole and DONMES sites, and cconcentrations were
highest in the upper 150 m both day and night. Seasonally, the zooplankton
cff Kezhole exhibited significant changes. Many species of zooplankton at
Keahole made extensive diel migrations.

For the island site, it was found that zooplankton biomass in the Kahe
environwent varied by tenfold between shallow and deep tows; the shallow
tows had the higher values. The biomass at right near the surface was also
twice as great as that during the day. There is some evidence of
zooplankton patchiness in the portion of the population making diel
migrations., Off Kahe, copepods made up 73-85% of tle total pumbers cof
zcoplankton. Among copepods, calancids dominated: 38% of the day samples
and 78% of the night samples.

Temporal variability of zooplankton abundance was not entirely
seasonal off Kahe. Some animals in the zooplankton community (ostracods,
euvphausiids, and copepods), made vertical migrations; medusae, gastropod
larvae, fish eggs, Foraminifera, and Corycacicdze did net wake vertical
migrations,

A list of commercially important fishes caught off Keahcle and Kahe
Points in 1976-80 is presented, together with the mean annual catch and
value. By far, the most important species are the pelagic tunas and
billfishes. The nearshore fisheries are deominated by bigeye scads and
rackerel scads and members of the snapper-grouper complex including jacks
or crevalles. Species affected by the cperation of an cil-fired electric
generating plant at Kahe Point are alsc reviewed.

Thte benthic community near Ksahe is extremely diverse; the pen shell,
Atripne, predominated in some areas end spatangid heart urchins were
numerous in other areas.

Tt was estimated that an CTEC plant would entrain 13.8 million m3 of
surface water per day and impact 1.38 millicr larvae, Additicnel studies,
hewever, are required tc make z critical evaluation of potential impact.

The nearshore waters off Kzhe serve as spawning areas for a wide
variety cof fishes. The offshore waters mey also be nursery grounds for
some species.
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At the DOMES site, the neuston layer contains some species in high
abundance but are rather uncommon in the 1-2C0 m stratum. larvae of
commercially important tunas were abundant in the pveuston layer. Species
found ir the 1-200 r layer were primerily those ssscociated with nidwater
depths. Larval fish were uncommon betweer 200 and 1,00C m.

Studies conducted on impact of an existing c¢il-fired power plant's
outfall on corals in the Kahe enviromment indicates no detrimental effects,
Rather, decrease in coral coverage was mainly attributable to effects of
storms.,
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Text Feotnote
Ico js used tc denote degree on a centigrade scale. ©C is used to
denote an actual reading.

210 an open—-cycle system, the warm water is the werking fluid. Tp a
partial vacuum, the fluid is flash-evapcrated and the resulting steam is
driver across the turbipe and thence tc a heat exchanger where the vapor
is condensed by the cold-water flow. The condensate is freeh vater and is
either discharged with the cold water or used for other purposes. In &
closed-cycle system, warm water drawn fron the surface provides hest which
is transferred through a heat exchanger to a werking fluid, for example,
armcni&a, Freon, propane, or other comjounds., Frclosed in o partiel
vacuur, the working fluid is evaporated bty the hest arnd the resulting
high-pressure vapoer drives a turbire to produce electricity. Cold water
is then pumped from the deep layere to condense the lcow-pressure vapor in
a second heat exchanger. The working fluid is then pumped back and
recycled (Haven 1981),

3M. Takabashi, and P. Bienfang. Mapuscr. in prep. Size structure of
rhytcplankton bicomass and photosynthesis ir subtropical waters.
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TABLE 4. Ten most abundant groups in order of decreasing abundance
determined by total number of cells counted in discrete
water samples collected during DOMES cruises 1975-76
(from Fryxell et al. 1979).

Flagellates and monads

Gephyrocapsa huxleyi (Lohm.) Reinhardt
Gymnodiniaceae

Yellow cells

Gephyrocapsa oceanica Kamptner

Nitzschia bicapitata Cleve

Oxytoxum variable Schiller

Nitzschia lineola Cleve

Nitzschia closterium (Ehrenberg) Wm. Smith
Gephyrocapsa ericsonii McIntyre and BE€

O VWSOV~ WN -
*

p—
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Table 5.--Phytoplankton species and abundance at potential OTEC sites.
(from Johnson and Horne 1979).

Phytoplankton Hawaii Gulf Puerto Rico Phytoplankton Hawaii Gult Puerto Rico
Diatoms Rank Rank Rank Dinoflagellates Rank Rank Rank
Amphiprora sp. - - Rare Amphidinium ap. -- - Rare
Asterionella sp. - - Rare Ceratium fusus Rare _ --
Bacteriastrum C. incisum Rare - -
delicatulum Rare -~ - C. karsteni Rare - -
B. elongatum Rare - - C. pentagonum Rare Rare -
Bacteriastrum sp. Rare - Rare C. setaceum Rare - -
Chaetoceros Ceratium sp. -- -= Rare
coarctatus Rare - - Cochlodinium sap. Common - --
C. convolutum Rare .- - Dinophyris exiqua Rare e -
C. didymus var. Dinophysia sp. - -~ Rare
anglica -- Rare - Exuviella apora Rare - -
C. lorenzianus Rare Dominant =~ E. baltica Rare - Common
C. messancase Common - - E. compressa Rare Common -
Chaetoceros sp. Common - Rare E. vaginula - Rare -~
Climacodium Exuviella sp. - Common Rare
frauenfeldianum Rare -— - Goniaulax sp. Rare - Rare
Coscinndlscus Gymnodinium sp. Rare - Rare
excentricus Common -- -- Gyrodinium ap. Rare - -
C. lineatus Rare Common -- ornithocercus
C. marginatus Rare - - quadratus -- Rare -
Dactyliosolen Oxytoxum gigas Rare - -
mediterraneus Dominant - -- O. variabile Rare - -
Eucampla zoodiacus Rare el - Parahistionels Bp. - - Rare
Grammatophora sp. -- - Rare Peridinium globulus Rare - -
Guinardia flaccida -- Rare - P. hirobus Rare - -
Hemialus hauckii Common - Rare P. pendunculatum - Common Rare
Hemiaulus sp. Rare - Rare P. tube Rare - -
Leptocylindrus Peridinium ap. Rare - Rare
danicus Rare Common - Phalacroma ovum Rare - --
ILdi comorpha Podolampas bipes Rare - --
abbreviata - - Rare P. elegans Rare - -
Licomorpha sp. - - Rare P. palmipes Rare Rare -
Mastoglola rostrata Rare -- - Podolampas sp. Rare - -—
Navicula carnifera -- -- Rare Pronoctiluca
Navicula sp. Dominant - Common pelagica - - Rare
Nitzschia closterium Dominant -~ Dominant Prorocentrum
N. delicatissima Rare -= - lebourae Rare -- --
N. longissima Rare Rare Rare P. micans - Common -
Nitzchia sp. - Dominant Common Prorocentrum sp. - - Rare
Planktoniella sol Rare - - Protoerythropsis
Pleurosigma sp. -- - Rare crassicaudata Rare - --
Pseudoeunatia Pyrocystis
deliolus Rare - - fusiformis Rare - -
Rhizosolenia alata Rare -- - P. hamulus var.
R. bergonii - Rare -- semicircularis Rare == -
R. cylindrus Rare -- - P. lunula Rare - -
R. hebetata P. pscudonoctiluca  Rare - it
f. hiemalis Rare -- - P. robusta Rare - et
f. semispina Rare - - Unidentified
R. imbricata athecate dino-
var. shrubsolei Rare - Rare flagellates Dominant -~ Common
R. styliformis - -- Rare
Surirella sp. - - Rare Total number
Synedra vaucheriae  Rare -- - Dinoflagellate
S, undulata Rare - -- species 33 9 14
Thalassionema
nitezaschioides -— Rare Common Phytoplankton Hawaii Gulf Puerto Rico
'I'haidnsiothrix -
frauvenfeldii - Rare Common Blue-green Algae Rank Rank Rank
T. longisgima -— - Common
Thalassiothrix sp. — - Common Tﬂfho‘}i\iml"!“ 8p. wmﬂax‘o - Dominant
Unidentified pennate Dominant -— Common Silicoflagellates Rank Rank Rank
Unidentified centric Rare - - Dictyocha fibula  Rare - -<
Ebria wsp. Rare -~ -
Total number
Diatom species 34 10 25 htoids  Rank Rank Rank
rosphaet o N
tubifer Rare - -
Gephryocapso
pcsamosa Rare e -
Rhabdosphaera sp. Rare s -
Umbellosphaera sp. Common -- --
Unidentifled cocco-
lithophorida Common -- Rare

Total numbex
coccolitho-

phovid species
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TABLE 6. The natural range of phytoplankton density off Kahe Point, Oahu,
based on the benchmark survey effort. The values represent 95%
confidence limits for the depth-integrated parameters over the

photic zone at two locations and over the area as a whole (from
Noda et al. 1981b).

Parameter

Natural range at P = (.05

Station 1

Station 2

Kahe Point

Chlorophyll-a

17.60-25.02

15.38-21.58

17.59-22.21

(ng *m~2)

Phaeopigments 11.09-23.92 10.50-29.38 13.35-24.03
(mg'm_z)

ATP 4.25-4.91 3.81-4.56 4.13-4.37
(mg *m~2)

Photosynthesis 6.53-15.54 10.73-22.35 10.23-17.35

(mg C'm'z'h_l)
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TABLE 7. Criteria for detection of significant environmental change,
based on a single benchmark data ,set. Detecticrn limits (DL)
given by DL = tO.OS[S% + S%)/Z]l/z, where ST and SZ are the mean
square values for each source of variation at Stations 1 and 2,
respectively (from Noda et al. 1981b).

Level under Source level Detection limit at

Parameter examination for criteria P =0.05

Chlorophyll-g Subsamples Analytical 0.03 ug']_1

Hydrocasts Subsamples 0.31 pg 171
Stations Hydrocasts 0.64 pg'l“}
Time Hydrocasts 0.93 pg*1™
Phaeopigments Subsamples Analytical 0.03 ug'l_1
Hydrocasts Subsamples 0.25 Ug-l“1
Stations Hydrocasts 0.54 ug‘l"1
Time Hydrocasts 2.54 ug'l_1
ATP Subsamples Analytical 0.25 ng°l"1
Hydrocasts Subsamples 13.92 ng'l_]
Stations Hydrocasts 16.64 ng'l"l
Time Hydrocasts 100.68 ng'l"1
Photosynthesis Hydrocasts Subsamples 0.16 yg C-1 lop-1
Stations Hydrocasts 1.11 pg C-1 1.yl
Time Hydrocasts 1.69 ug C-1 l.p-1
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TABLE 9. Summary of conclusion drawn with respect to comparison of
phytoplankton parameters of the Keahole and Kahe environments.

Comparison

Conclusions

Chlorophyll a biomass

Phaeopigment concentrations

Phaeopigment :
Chlorophyll a ratio

Total microbial biomass

Photosynthetic rates

Similar at both sites; less overall
temporal variation at Kahe.

At Kahe, higher in upper mixed layer and at
subsurface maxima than at Keahole; depth of
phaeopigment maximum corresponded with
depth of chlorophyll maximum; pattern of
temporal variability uniform with
noteworthy increase orly in August; degree
of temporal variability 2.4X (excluding
August); no sigrificant relationship with
primary production.

At Keahole, depth of phaeopigment maximum
deeper than chlorophyll maximum;
phaeopigment stock showed considerable
variability throughout year; temporal
variability 4.4X; significant relationship
found with primary production.

Higher at Kahe in mixed layer and at
maximum.

Higher at Kahe; mean ATP concentrations
higher at Kahe in upper 100 m and in photic
zone; total microbial biomass varied by a
factor of 1.7 throughcut year at Kahe but
considerable variaticon experienced at
Reahole; ATF concentrations highest from
August to January at Kahe, erratic temporal
variation over 14 months at Keahole with
occasional extreme low values.

Creater at Kahke; pattern of variability
showed less variability at Kahe. At
Keshole, rates showed 26-fold variation;
erratic changes throughout year, and
extremely low production on occasions.
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TABLE 10. Half-saturation constants (K;) in terms of total irradiance
during the incubation period, for the reference (non-enriched)
carbon fixation profiles. The mean (+s.d.) Ky value from these
trials was 3.86 + 1.19 x 1020 quanta*m™2; the mean (+s.d.) depth
at which these values occurred was 40 + 13 m (from Bienfang
and Szyper 1982).

Total irradiance at 1-2 m
Experiment depth during incubation Ky, Depth of Kj
No. (1020 quanta+cm=2) (1020 quanta+cm™2) (m)
1 26.2 3.78 61
2 11.4 3.56 37
3 11.4 3.56 37
5 9.4 2.62 40
6 10.0 5.47 24
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TABLE 11. Biomass measures of zooplankton samples obtained during the
HOTEC-12 plume survey including statistical tests of
difference between means (from Noda et al. 1981c).

Sample Dry weight Ash-free drg Percent ash
No. (mg/m3) weight (mg/m-) (%)
In plume PSBI] 3.30 2.23 33
PSB2 3.65 2.21 39
PSB3 2.94 2.01 32
PSR4 3.71 2,31 38
Mean ?cp 3.40 2.19 35.5
s.d. Sy 0.36 0.12 7.5
Out of plume OPB1 4 .86 3.69 25
OPR2 5.27 3.91 26
OPB3 5.37 4.20 22
OPB4 5.99 4,72 21
Mean X 5.37 4,12 23.5
s.d. Sy 0.47 0.47 2.4
Statistical tests
X, - X, 1.97 1.93 -12
tb £ 6.71 * -5.66
P ?2 tailed) <0.001 0.014 <0.01

*Variances were heterogeneous, P calculated by Fisher's exact
probability test.
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TABLE 13. Zooplankton biomass in O'OTEC samples. All biomass values in
mg/m3 (from Noda et al. 1981b).

CRUISE 1
25-27 May 1980

Sample Dry Ash-free %
ID weight dry weight ash
1D25 A 4.67 3.05 35
1D25 B 3.31 1.80 46
1D200 A 3.88 2.58 34
1D200 B 2.70 1.63 40
1D600 A 1.35 1.00 26
1D1000 A 0.39 0.21 46

1N25 A 5.29 2.93 45
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TABLE 14. Zooplankton biomass in O'OTEC samples. A1l biomass
values in mg/m3 (from Noda et al. 1981b).

CRUISE 2
10-11 August 1980

Ash-free Carbon:
Saaple Dry Dry A C:N Ash-free
ID Weilqht Welght Ash Carbor Nitrogqen Ratio Patin
1ID25 A 10.6 5.34 50
1D25 B 9.01 5.54 39 2.55 0.600 4.2 0.456
10200 B 3.27 1.99 39
10600 A 2.03 1.49 27 0.71 0.160 4.4 J.usg
1D1000 A 1.05 0.951 51
1N25 A 5.24 J. N 41
1N25 B 3.48 2.25 35
18200 A 4.69 3. 14 33
18200 8 3.72 2.73 27 1.04 0.240 4.3 0.38
1V600 A 0.54 0.36 33 0.17 0.938 4.5 0.u47
2DNeu A 9.82 3.79 €1 1.58 0.320 4.9 0.42
2D2S5 A 5.35 3.06 43
2p2S B 6.08 3.07 S0
2D200 2 3.68 2.25 39 1.10 0.270 4.1 0.49
2D200 B 3.10 1.88 39
2D600 A 0.81 0.58 28
2D1000 A 0.41 0.21 49 0.10 0.019 5.3 0.48
2N25 A 16.7 9.84 41 4.51 0.990 4.6 0.46
2825 B 15.8 9.17 42

28200 A 4.71 2.94 38
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TABLE 15. Zooplankton biomass in O'TEC samples. All biomass
values in mg/m3 (from Noda et al. 1981b).
CRUISE 3
5-6 November 1980
Ash-free Carbhon:
Sanple Dry Dry % C:N Ash-free
1D WNolaht Weight Ash Carbor Nitrogen Ratio Ratio
1DNeu A 7.51 3.74 50
1D¥eu B 11.3 5.41 52 2.40 9.470 5.1 0.4y
1D25 A 16.2 8.64 u7
1D2S B 19.3 10.4 us
1D200 A 1.38 0.96 30
10200 B 2,72 1.56 43 0.70 0.160 4.4 0.45
10600 A 1.21 0.81 33
1D1000 A 0.63 0.42 33 0.21 0.044 4.9 0.951
TNNeu A 9.36 5.78 38
1525 A 15.6 9.61 38
1N25 B 22.5 13.8 39 6.02 1.34 4.5 0.4y
18200 A 4.72 3.37 29
18200 B 4. 13 3.02 27
2DNeu A 4.58 1.72 62
2DNeu B 6.52 2.39 63
2D25 A 5.69 3.35 R 1.57 0.349 4.6 0.47
2D25 B 4.03 2.10 48
2n200 A 3.87 2.78 28
2Dp200 B 3.89 2.57 34
2D600 A 1. 14 0.89 22 0.u2 0.100 4.2 0.47
2D1000 A 0.57 0.40 30
2NNeu A 9.63 3.74 61 1.63 0.350 4.7 D.44
2¥8Neuw B 3.55 2.21 38
2N25 A 20.0 12.1 40
2825 B 14.9 9.96 29
2N200 A 5.58 3.84 31 1.93 0.450 4.3 0.50
24208 8 5.113 3.85 25
20600 A 2.18 1.79 19 0.78 0.190 4.1 0-u44
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TABLE 16. Zooplankton biomass in O'TEC samples. AJl biomass
values in mg/m3 (from Noda et al. 1981b).

CRUISE 4
10-11 Japuary 1981

Ash-free Carhbon:
Sazple Dry Dry % C:N Ash-free
1D Weight Wwelght Ash Carbon Nitrogen Ratio Rintio

10Nen A 7.32 5.59 24

1DNeu B 7.30 5«74 21

1025 A 5.67 3.75 34

1025 B 4.23 3.02 29 1.39 0.330 4.2 0.46
10200 A 3j.8s8 2.80 28

10200 B 3.35 2.27 32

10600 A 0.80 0.56 30

10600 B 0.82 0.65 21 0.33 0.068 4.9 0.51
1D1230J A 0.35 0.25 29 0.12 0.025 4.8 0.48
INNeu A 38.8 25.0 36

14NNeu B 28.0 20.2 28 10. 3 2.07 5.0 0.51
1825 A 12.0 9.43 21

1825 B 15.0 11.5 24

15200 A 2.33 1.80 23

18200 B 2.86 2.4 25 1.02 0.250 4.1 0.48
1IN6J0 A 0.76 0.58 24

2DNeu A 10.9 7.45 32 3.28 0.730 4.5 0.44
2DNeu B 10.2 6.848 33

2D25 A 3.70 2.82 24

2p25 8 4,61 3.42 26

2D202 A 3.42 2.66 22

29292 B 3.58 2.74 23

20600 A 0.64 0.51 20

2D600 B .64 0.48 25

251000 A 0.18 0. 14 22

2NNen A 11.1 8.18 26

2NNeu B 13.7 9. 14 33

2N25 A 15.0 11.0 27 511 1.16 4y 4 Q.46
2525 B 14.3 10.0 20

285290 A - 5.31 .19 21

28200 3B 7.93 5.89 26
2N600 A 0.92 0.66 28 0.32 2.069 4.6 J.48
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TABLE 17. Zooplankton biomass in O'TEC samples. All biomass
values in mg/m> (from Noda et al. 1981b).
CRUISE 5
10-11 March 1981
Ash-free Carbon:
Saaple Dry Dry ¥ C:N ash-free
D ¥Yajqght Wwoiqght heh Carbonr  Nitrogen Ratio Patio
1DNeu A 3.24 2.22 31 1.25 0.230 5.4 0.56
1DNeu B 2.05 1. 26 39
1D25 A 3.59 1.61 55
1D25 B 2.43 1.43 41
1D200 A 1.13 0.89 21 0.40 0.096 h,?2 0.46
1D200 B J.u4 2.64 23
10600 A 2.30 1.73 25
10600 R 1.84 1.41 23
101000 B 0.u43 0.34 21 0.18 0.032 5.6 0.53
1NNeu A 12.5 5.92 53
1NNeu B 14.3 B.46 41
TN25 A 8.32 4.69 4y 2.02 0.4890 4.2 0.u3
1825 B 7.72 4.47 4?2
1%200 A 6.66 5.19 22
15200 B 5.10 3.82 25
1%600 A 0.69 0.52 25 0.25 9.055 4.5 0.48
2DNeu A 1.76 0.63 64
2D¥Neu B 1.22 0.45 €3
2D25 A 1.41 0.94 33
2225 B 1.83 1.11 39 0.50 0.110 4.5 0.u45
2D200 A 4.29 3.21 24
20200 B 3.29 2.56 22
2De00 A 1.58 1.21 23
20600 B 1.83 1.50 18 0.7% 0.180 4.2 0-.50
201009 A 1.97 J.837 19
JuNeu A 12.5 5.61 55
2NNeu B 10.7 5.31 50 2.32 0.480 4.8 D.tu
2825 A 6.b0o 4.73 29
2¥25 B - 5.03 4217 17
28200 A 8.44 6.55 23
2u200 8 5.68 4. 73 21 2.21 0.570 3.9 0-u47
28500 A J.23 .18 22
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TABLE 18. Zooplankton biomass in O'TEC samples. All biomass
values in mg/m3 (from Noda et ai. 1981b).

CRUISE ©
27-28 May 1981

Ash-free Carbon:
Saxple Dry Dry * C:N Ash-free
1D Welghr Weight Ash Carhon Mitrogen Ratio RPatiao
1DNeu A 3.32 2.60 22
1DPNeu B 4.65 3.59 23
1D25 A §.20 3.24 23
1D25 B 3.19 2.29 28 1. 11 0.250 4.4 0.48
10200 A 3.70 2.90 22
1D200 B 3.14 2.46 22
10600 A 1.82 1. 45 20 0.70 0.160 .4 0.48
10600 B 1.48 1. 16 22
101000 A 0.72 0-60 17
INNeu ‘A 12.9 8.63 33 .15 0.Y4) y. 4 0.48
1N%eu B 13.7 §.22 33
N25 A 14.1 10.2 28
1825 8 18.0 12.6 30
1N200 A 7.96 6.33 20 3.404 0.750 . 0.48
143200 B 9.09 €.94 24
1IN600 A 0.9 0.70 22
2DNecu A 2.18 1.29 41 0.¢5 0.087 7.4 0.50
2DNeu B 3.21 1.72 46
2p25 A 5.095 3.45 32
2025 1 7.42 5.97 25
2D200 3 3.98 2.95 26 1.38 0.340 4.1 0.47
2D600 A 0.63 0.45 29
20600 B 1.13 0.89 21
2D190090 A 0.u49 0.40 14 0.23 2.038 6.0 J.57
2hheu A 12.¢ T.45 41
2NNeu 3 16.3 11.2 31
2N25 A 22.5 16.9 25
2825 8 15.9 12.2 23 5. 94 1.47 4.3 0.49
2R200-7 7.9 S.47 24
28200 8 6.05 4.58 24
25600 A 0.388 0.67 24 0.3 3.074. 4.4 0-.51
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TABLE 20. Marine mammals of the Gulf of Mexico and Hawaii (from Payne 1979).

Species Sulf of Mexico Hawaii specics ] Gulf of Mexico Hawaii
srder Sirenia Grampus griseuas, Rare kare
ramily Trichecidae Risso's dolphin
*Trichechus manatus common inshore — Layenodelphis ho- - Fare
West Indian manatee Set, Shortsnoated
U whitebelly dolphin |
créder Ce;rruvora, Aroinus orea, Hare —
suborder Pinnipedia Killer whale ‘
. Peponocephala - 1 kare
Family Phocidae olectra, Little !
*Menachus shauins- — Common blackfinh |
landi, Hawalian away f.rom Fseudorcd crassi- Fairly common | fairly
mork seal OTEC sites dons, False | COmmon
*M. tropicalus, . killer whale i
Caribbean monk seal extinct? - Stenella attenuata, -— | Fairly
mily Ctariidae spotted delphin ‘ COMINOn
Talophus califor- 1Rare, introduced — coeruleoalba Fairly common ' Fa:rily
rnianus, Jalifor- l S.ostyx), } COLRMGT,
ria sea lion i Striped dolphin i
— ; — —t Sootrontaliy {205, | Pairly cowmnon i -
2rder Cetacea, wliymeqie, Bridied i
Subaoriler Mysticeti dedphin :
S, lomgirostris, kare Common
Family Balaenidae s s
*Ralaena gilacialis, Rare —_ .,"mer, dolphin )
8lack Right whale ')'_ {)ldglk)(?on’ . (common kare
spotted Jdolphin
ram:ly balaenop- Steno bredanensis, Rare Fare
teridae . Roughtoot hed i
Balaennptera acu- Rare — Uolihan '
torcstrata, Tursrops gilli, — 1 Fairly
Minke whale Pacitic bottle- | common
5. borealis, Rare o nosed dolphiin
Se1 whale Tursiops truncatus, Comion Fairly
B. edeni, Rare Occasional Bott Loenosed comon
tiryde’s whale dolphin
*B. musculus, Rare ? Family Physeteridace
Blue whale Koyia breviceps, Common inshore kare
‘8. physalus, Rare ? Pyqguy sperm whale|in western Gulf
Fin whale K. sunus, Dwarf Rare 1 ‘are
"Megaptera novae- sperm whale !
o ..'au, *physeter catodon, |Fairly common 1niGccasional
Humgback whate - - Sperm whale past, now rare
suborder Cdontoceti Family Ziphiidae
ramily Delphinidae Mesoplodon densi- - Fare
Delphinus delphis,| Tairly common Fairly rostris, Dense-
Commen Jdolphin common+t beak whale
Feresa attenuata, Rare Fairly M. curopacus, Rare -
Pyomy killer whale common Gulfstream
slobicephala macrot Rare Rare beaked whale
rhuncus, Short- 2iphius caviros- Fare kare
Sinned pilot whalcl tris, GCoose-
beak whale

*Denotes endangered or threatened species.
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Figure 1.--The OTEC thermal resource--AT (°C) between surface and 1,000 m depth
(from Yuen 1981).
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Figure 2.--The OTEC thermal resource--AT (°C) between surface and 1,000 m depth
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Figure 5.--Maximum (Sept.) and minimum (Feb.) of monthly average
of sea temperature at offshore of Osumi Island (Pacific Ocean)
Toyama Bay (Japan Sea) (Homma and Kamogawa 1979).
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triplicate analyses (Noda et al. 1980).
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Figure 10.--Vertical distribution of chlorophyll a and phaeopigments
concentrations with sigma-t at the stations occupied in the three

transects A, B, and C in the summer of 1975.

Depth (m) of the

euphotic zone is shown by arrows (El-Sayed and Taguchi 1979).
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concentrations with sigma~t at the stations occupied in the three
transects A, B, and C in the winter of 1976. Depth (m) of the
euphotic zone is shown by arrows (El-Sayed and Taguchi 1979).
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Figure 12.--Vertical profiles of the rates of primary production
(mg C-m~3.h~1) at the HOTEC site. The horizontal bars indicate
the standard deviations about the means of triplicate analyses
(Noda et al. 1980).
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Figure 16.--Hypothetical daytime patterns of fish larvae off Kahe
Point, Oahu, during upwelling. Temperature profiles from BT records
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